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Preface 


ferry J. Buccafusco 

In recent years new approaches to drug discovery have provided a multitude of 
potential therapeutic targets, particularly for disorders of the central nervous system. 
High-throughput screening of vast libraries of peptide and nonpeptide compounds 
has provided an unprecedented number of drug entities that require evaluation for 
efficacy towards these newly established therapeutic targets. Protein-protein, and 
ligand-protein binding formats have been relegated to high capacity reaction plates 
and biochips. With this level of efficiency, the pharmaceutical industry should look 
forward to new heights of success in terms of the preclinical development of new 
and exciting drugable entities. Yet despite this optimism, it remains difficult to 
translate these findings from ELISA wells or chip spots directly to the clinic. This 
is particularly true for centrally acting compounds. Drug development strategies for 
the treatment of CNS disorders and neurodegenerative diseases appear to defy the 
older strategy of high selectivity and high potency. This strategy is being slowly 
replaced by the recognition that for many disease entities there potentially exist a 
wide variety of therapeutic targets. A drug molecule that targets two or more syn- 
ergistically interacting targets could prove more effective than a compound highly 
selective and highly potent at one binding site. Evidence for this approach can be 
readily appreciated from the success enjoyed by more recently utilized “atypical” 
antipsychotic drugs in the treatment of schizophrenia. This class of agents is typified 
by poor receptor selectivity and moderate binding affinities. Similar situations occur 
with certain antidepressant and anti-Parkinson’s drugs. 

The multitarget model is perhaps even more pertinent to cognition-enhancing 
agents. New drugs developed to enhance memory and cognition have been targeted 
to a wide variety of neurotransmitter and neurohormone receptors. This laboratory 
has had the good fortune to be able to study a large number of these drugs in 
essentially the same nonhuman primate model (see Chapter 13). It is perhaps not 
so surprising that a function as complex and well integrated as cognition would 
utilize numerous neurotransmitter and hormonal pathways. Also, since neurodegen¬ 
erative diseases often require both symptomatic treatment and disease modification, 
an efficient therapeutic approach would be to package both in the same molecule. 
Another aspect of cognitive pharmacology is the ability of many drugs that enhance 
cognition to induce a pharmacodynamic action that outlasts the presence of the drug 
in blood or brain compartments (see Chapter 13). It is not yet possible to predict 
whether, or to what degree, a compound will exert this protracted beneficial action. 
The implication is that knowledge of the pharmacodynamic profile of a new drug 
will be important in determining appropriate dosing regimens in the clinical setting. 


The only means by which to predict the utility of a new potential cognition¬ 
enhancing drug is to study it in one or more of the relevant animal models. Though 
this component of the drug discovery pipeline represents the most restrictive pipe, 
it is perhaps one of the most important. Whether a new drug is discovered in academic 
or industrial settings, the compound will require significant animal testing prior to 
clinical study. The costs associated with clinical trials are so significant that both 
safety and good efficacy need to be validated in animal models prior to continued 
study of the drug in humans. The purpose of this book is to acquaint the reader with 
some of the most utilized of the animal models for cognition impairment. From 
mice to rats to monkeys these models have been used successfully in the context of 
drug discovery. Some have also provided new insights into disease processes. 
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Introduction 


Edward D. Levin 

Duke University Medical Center 


Jerry J. Buccafusco 

Medical College of Georgia 

Animal models of cognitive impairment are critically important for determining the 
neural bases of learning, memory, and attention. These cognitive functions are the 
result of complex interactions of a variety of neural systems and thus cannot be well 
studied by simple in vitro models. Animal models of cognitive impairment are critical 
for determining the neural basis of cognitive function as well as for testing the 
efficacy of potential therapeutic drugs and the neurocognitive toxicity of environ¬ 
mental contaminants and drugs of abuse. A variety of models have used classic 
monkey, rat, and mouse models. Newer, nonmammalian complementary models 
with fish, flies, and flatworms are being developed. These will play an important 
role in both high-throughput screening of potential toxic or therapeutic compounds 
and in the determination of the neuromolecular bases of cognitive function. 

Pharmacological models are the most commonly used models of cognitive 
dysfunction. They are key for determining how selected neurotransmitter-receptor 
systems are involved in various aspects of cognitive function such as learning, 
memory, and attention. Pharmacological models are also key for testing the possible 
use of cognition-enhancing drugs for potential treatment of cognitive impairments 
such as those seen in Alzheimer’s disease and other aging-related syndromes, atten¬ 
tion deficit hyperactivity disorder (ADHD), Parkinson’s disease, and schizophrenia. 
Acetylcholine is the best-characterized transmitter system in the basis of cognitive 
function. Both muscarinic and nicotinic cholinergic receptors have been found to 
be critically involved. Glutamate systems, particularly those using NMDA (N- 
methyl-D-aspartate) receptors, have also extensively been shown to be involved in 
cognition. Drugs of abuse can also produce syndromes of cognitive impairment. The 
best example is ethanol, which impairs a variety of cognitive functions. All of these 
areas are covered in detail in Section I of this book (Chapters 2-5). 

Applications of animal models of cognitive impairment have been quite suc¬ 
cessful in the realm of neurobehavioral toxicology. Lead is the prime example. 
Persisting cognitive impairments after developmental exposure to lead have been 
quite well modeled in monkeys and rodents. Other metals, notably mercury, have 
also been well studied with animal models. The same approach can also be taken 
with nonmetal toxicants. Notably, polychlorinated biphenyls (PCBs) have been 
shown to cause persistent cognitive effects in monkey as well as rodent models. 
Neurotoxicants can be used in quite specific ways as probes of the involvement of 
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Animal Models of Cognitive Impairment 


particular brain systems in the basis of cognitive function. MPTP (l-methyl-4- 
phenyl-l,2,3,6-tetrahydropyridine) is an excellent example of how this approach has 
worked both for the discovery of the importance of a particular neural system (midbrain 
dopamine neurons) in cognitive function and as a forum for the development of new 
drug treatments for a disease (e.g., Parkinson’s disease) involving that system. 

Mice are becoming increasingly valuable in efforts to determine the molecular 
bases of cognitive function. In addition, genetically manipulated mice are increas¬ 
ingly being used in the development of models for new drug development. For these 
uses it is important to devise a valid, reliable, and quick battery of tests to determine 
cognitive function in mice. Application of transgenic mice to problems presented 
by amyloid deposition with aging is an especially promising forum for the devel¬ 
opment of new treatments for Alzheimer’s disease and other aging-related cognitive 
impairments. Pharmacological models have shown that acetylcholine plays key roles 
in the neural bases of cognitive functions. Cholinergic-receptor knockout mice are 
being used to good effect in determining the role of various aspects of the cholinergic 
systems in cognitive function. 

Animal models can quite well simulate specific syndromes of cognitive impair¬ 
ment where the inciting faction is well known. Prime examples of this approach 
include studies of aging and neurotrauma. Aging studies, especially with long-lived 
species such as monkeys, readily demonstrate aging-induced cognitive impairment 
and serve as a fine basis for developing new treatments and novel drugs. Neurotrauma 
causes cognitive impairment in animal models in quite similar ways as in humans. 
The specific mechanisms underlying such impairment and the therapeutic treatments 
for it can be well studied in animal models. 

New nonmammalian models of cognitive impairment are being developed. These 
models are sometimes called alternative models but are better termed complementary 
models, because they are best used not in place of mammalian models but to 
complement them. Mammalian and nonmammalian models each have their own sets 
of advantages and disadvantages, which can be used in a mutually complementary 
fashion in a strategy of research advancement. Mammals have a high degree of 
neuroanatomic similarity to humans, but they are generally expensive and time- 
consuming models to use. Nonmammalian models can be very useful in high- 
throughput studies for identifying potential toxicants and discovering potential ther¬ 
apeutic drugs, but they have a lower degree of similarity to the neural processes 
involved in cognitive function compared with humans. Historically, aquatic models 
began with the use of goldfish, but more recently the models have focused on 
zebrafish because of the great flowering of molecular information about neural 
processes in this species. Invertebrate models including flatworms (C. elegans ) and 
insects (drosophila) show promise, but these need much more development to 
become generally useful. 

Animal models of cognitive impairment play crucial roles in the characterization 
of toxicants that cause cognitive dysfunction and the identification of potential new 
drugs for treating cognitive dysfunction, as well as providing critical insight into 
the neural bases of cognitive function and dysfunction. There are a variety of 
important issues specific to each model and in general across models that must be 
considered if these models are to be used productively. 
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INTRODUCTION 

The importance of cholinergic activity in the brain to learning and memory function 
was first recognized more than 30 years ago, when relatively low doses of certain 
muscarinic acetylcholine-receptor antagonists (e.g., the belladonna alkaloids atro¬ 
pine and scopolamine) were found to induce transient cognitive deficits in young 
human volunteers that resembled those observed in elderly (unmedicated) subjects. 1 
This work and a number of subsequent clinical studies indicated that antimuscarinics 
disrupt attention, 2-4 the acquisition of new information, and the consolidation of 
memory. 1 ’ 4 5 Later studies found that scopolamine could alter certain features of the 
human electroencephalogram (e.g., delta, theta, alpha, and beta activity) in a fashion 
that mimics some of the changes observed in patients with Alzheimer’s disease (AD) 
(reviewed by Ebert and Kirch 6 ). 

In support of these cited pharmacological investigations, a considerable number 
of studies of the brains of elderly people and of AD patients have shown damage 
or abnormalities in forebrain cholinergic projections that are important to memory 
structures (e.g., cortex, hippocampus), and these results correlate well with the level 
of cognitive decline. 7 8 Interestingly, scopolamine appears to negatively affect cog¬ 
nitive performance to a greater extent in elderly subjects than in younger subjects, 9-11 


5 










6 


Animal Models of Cognitive Impairment 


and it impairs subjects with AD more dramatically than nondemented elderly sub¬ 
jects. 12 Similarly, aged rodents display cognitive impairments in many learning and 
memory tasks, 13 manifest cholinergic deficits, 14-16 and are more sensitive to the 
disruptive effects of scopolamine than young rats. 16 Moreover, lesions in young 
animals that damage cholinergic input from the basal forebrain (e.g., nucleus basalis 
magnocellularis, medial septum/diagonal band) to the neocortex or hippocampus 
disrupt performance of a variety of memory-related tasks. These findings, particu¬ 
larly the early studies cited, led to the development of the so-called cholinergic 
hypothesis, which essentially states that a loss of cholinergic function in the central 
nervous system (CNS) contributes significantly to the cognitive decline associated 
with advanced age and AD (reviewed by Bartus 17 ). Using this hypothesis as a guiding 
principle, scopolamine (and to a lesser extent other antimuscarinic agents) has been 
used extensively as an amnestic drug in animals to model the cognitive dysfunction 
associated with human dementia and Alzheimer’s disease. While a few studies have 
been conducted using scopolamine as an amnestic agent in nonhuman primates (e.g., 
Aigner and Mishkin 18 and Terry et al. 19 ), the majority of studies have been conducted 
in rodents, particularly rats. In addition, scopolamine-reversal experiments in rodents 
have been used extensively as an initial screening method to identify therapeutic 
candidates for cognitive disorders such as AD. 

MEMORY-RELATED TASK IMPAIRMENT 
IN RATS BY SCOPOLAMINE AND 
OTHER ANTIMUSCARINIC AGENTS 

Table 2.1 provides an overview (with a few representative references) of the wide 
variety of memory-related tasks that have been shown to be impaired by the non- 
selective antimuscarinic agent, scopolamine. Such tests encompass a wide range of 
behavioral procedures from classical conditioning (Pavlovian) tasks (e.g., inhibitory 
avoidance and fear conditioning), to spatial learning tasks (e.g., water maze and 
radial arm maze), to methods that assess prepulse inhibition of the auditory gating 
response. Antimuscarinics have also been shown to disrupt performance of more- 
complex operant (working-memory related) procedures such as delayed matching 
and delayed nonmatching tasks, time estimation procedures, and most recently, 
models of executive function (e.g., attentional set shifting) in rats. 

Similar to scopolamine, the nonselective muscarinic antagonist atropine, as well 
as several drugs with selectivity at muscarinic-receptor subtypes, disrupts perfor¬ 
mance of several of the same behavioral procedures (see Table 2.1). For example, 
the Mj'-selective antagonist pirenzepine impairs learning of rats in such hippocampal- 
dependent tasks as delayed nonmatching to position 20 and delayed matching to 
position 21 as well as working memory in tests such as the radial arm maze, 22 spatial 
memory in the water maze, 23,24 and T-maze representational memory. 25 The passive- 
avoidance test is impaired by either systemic 26 or central injections 27,28 of piren¬ 
zepine, administered before the acquisition session. In the previously cited Andrews 
study, 21 the effects of pirenzepine were interpreted as more specific for spatial short¬ 
term memory than scopolamine, since delay-dependent disruption of performance 
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TABLE 2.1 

Behavioral Studies Indicating Amnestic Effects 
of Antimuscarinic Agents in Rats 


Pharmacologic Agent 

Behavioral Test 

References 

Scopolamine 

Water maze 

68,72,78,79 


Radial arm maze 

80-82 


T-maze 

83-85 


Y-maze 

50,86,87 


Delayed matching to position 

21,58,88,89 


Delayed nonmatching to position 

45,59 


Delayed conditional time discrimination task 

90 


Other delayed conditional discrimination tasks 

61,65,91 


Passive avoidance 

56,68,79,92 


Fear conditioning 

93,94 


Novel object recognition 

95-97 


Prepulse inhibition 

30,98 


Extradimensional set shifting 

60 

Atropine 

Water maze 

99-101 


Radial arm maze 

22 


Delayed conditional discrimination 

102 


Fear conditioning 

103 


Passive avoidance 

104,105 

Pirenzepine 

Water maze 

23,24 


Radial arm maze 

22 


T-maze 

25 


Delayed matching to position 

21 


Delayed nonmatching to position 

20 


Passive avoidance 

26-28 

Trihexyphenidyl 

Passive avoidance 

29 


Prepulse inhibition 

30 

Benztropine 

Prepulse inhibition 

30 

Biperidine 

Passive avoidance 

29 

Dicyclomine 

Passive avoidance 

32 


Fear conditioning 

32 


was noted with the former but not the latter compound. In fact, scopolamine induced 
a delay-independent disruption of all task parameters, including motivation and 
motor performance. Since the M 2 -receptor antagonist AFDX 116 had no effect on 
task performance in the same study, the authors suggested that M 2 receptors are not 
responsible for the disruptive effects of muscarinic antagonists on spatial short-term 
memory. Regarding other selective muscarinic antagonists, Roldan et al. 29 showed 
that systemic administration of the Mj antagonists biperidine and trihexyphenidyl 
impaired the consolidation of the passive-avoidance response in a dose-dependent 
manner. Trihexyphenidyl and benztropine (another antagonist) produced signif¬ 
icant dose-dependent decreases in prepulse inhibition in a fashion similar to that of 
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scopolamine, 30 while the M r selective antagonist dicyclomine 31 impaired passive- 
avoidance learning as well as contextual fear conditioning in rats. 32 

THE NATURE OF THE EFFECTS 
OF ANTIMUSCARINICS ON MEMORY 
PERFORMANCE (POTENTIAL LIMITATIONS) 

While few would argue that muscarinic antagonists have negative effects on memory- 
related task performance, the specifics of such behavioral effects have been debated 
for years (see reviews in the literature 33-37 ). Many investigators have interpreted the 
negative behavioral actions as impairment of learning (or state-dependent learning), 
working memory, short-term memory, encoding/consolidation, or retrieval. Con¬ 
versely, others propose that the behavioral effects of antimuscarinic agents are not 
specific to learning and memory, since muscarinic receptors are also involved in the 
regulation of attention and arousal. 4 6 ’ 36 ’ 38 The effects of atropine in a nonspatial 
(visual discrimination) swimming task led Whishaw and Petrie 39 to conclude that 
cholinergic systems are involved in the selection of the movements or strategies that 
are prerequisite for learning, as opposed to learning and memory per se. Such (so- 
called) nonmnemonic effects were also deduced from the delay-independent perfor¬ 
mance deficits observed in several delayed-response tasks 40-43 as well as by deficits 
in both motor function and motivation. 44 The negative effects of scopolamine on the 
accuracy of short retention intervals in a delayed nonmatching-to-position task led 
Han et al. 45 to suggest that antimuscarinic agents produce general deficits in reference 
or procedural memory. Finally, some investigators completely reject any mnemonic 
explanations for the actions of antimuscarinic agents and argue that they primarily 
alter stimulus sensitivity, sensory discrimination, vision, perseveration, or habitua¬ 
tion, etc. (reviewed by Collerton 46 ). 

The fact that a wide variety of noncholinergic agents have been observed to 
antagonize the behavioral effects of scopolamine further supports some of the argu¬ 
ments presented above (i.e., that the scopolamine amnesia model is not selective for 
memory function or even for the cholinergic system). For example, the nootropic 
agent piracetam has been observed to antagonize scopolamine in a passive-avoidance 
task 47 and in a delayed match-to-position task. 48 Estrogen replacement in ovariecto- 
mized rats significantly reduced deficits in the performance of a delayed matching- 
to-position (T-maze), with the deficits being produced by intrahippocampal, but not 
systemic, scopolamine administration. 49 A TRH (thyrotropin releasing hormone) 
analog, NS-3(CG3703), ameliorated scopolamine-induced impairments in a delayed 
nonmatching-to-sample task using a T-maze as well as a radial arm maze procedure. 50 
The ethanolic extract of Indian Hypericum perforatum (an herbal agent) reversed 
scopolamine deficits in passive avoidance, 51 while the seed oil of Celastrus panic- 
ulatus (another Indian herbal agent) prevented scopolamine-related deficits in water- 
maze performance in rats. 52 Furthermore, a number of serotonin-receptor ligands 
(e.g., 5-HT 3 , 5HT 1a , 5HT 4 , 5-HT 6 ) 53-56 reverse scopolamine deficits in several mem¬ 
ory-related tasks, as do drugs from a number of additional classes (e.g., amphet¬ 
amine, fluoxetine, and strychnine, as reviewed by Blokland 36 ). 
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Obviously, these effects do not add credence to the idea of using antimuscarinics 
to model AD, which is clearly characterized by deficits in cholinergic activity, 
learning, working memory, and executive function. However, in contrast to the 
aforementioned delayed-response tasks, there are several rat studies in which sco¬ 
polamine was found to have delay-dependent effects (e.g., spatial alternation, 
delayed matching, and delayed nonmatching-to-sample tasks) that were interpreted 
as deficits in working-memory performance. 57-59 Interestingly, a recent study indi¬ 
cated that scopolamine (but not methylscopolamine) impaired both affective (reversal 
learning) and attentional set-shifting components in the rat, thus implicating mus¬ 
carinic receptors in the CNS control of executive function. 60 Furthermore, the effects 
of antimuscarinics on attention (often discussed as nonmnemonic) are not necessarily 
a limitation to using antimuscarinics to model certain aspects of dementia, since 
attentional deficits are a common feature of the condition. Finally, the criticisms 
regarding the so-called reversal effects of noncholinergic agents cannot be considered 
altogether convincing until rigorous pharmacological investigations of each of the afore¬ 
mentioned compounds are completed. It is clear that several representative agents from 
the classes listed (e.g., estrogen, 5-HT ligands, and herbal extracts) indeed have direct 
or indirect effects on the cholinergic system (see the literature 52 ’ 61-63 ). 

OTHER LIMITATIONS AND CRITICISMS OF THE USE 
OF ANTIMUSCARINICS AS AMNESTIC AGENTS 

The use of antimuscarinic agents to model human dementia and the conclusions 
drawn from such studies have been criticized for a number of additional reasons 
(see Fibiger 34 ). The most formidable challenge appears to arise from the limitations 
of using a unitary theoretical construct (i.e., central muscarinic-receptor blockade) 
to model memory-related dysfunction, considering the fact that cholinergic neurons 
(or their projections) and, in particular, muscarinic receptors are found in virtually 
every region of the CNS. Accordingly, the disruption of memory-related task per¬ 
formance by antimuscarinic agents could arise from a multitude of pharmacological 
actions. Such effects could also contribute to the inconsistent results that have often 
been observed across several types of memory-related tasks, as discussed previously. 
In light of the diverse brain lesions observed in conditions such as AD and the 
inherent complexities involved in learning and memory processing, single-transmit¬ 
ter hypotheses of dementia have been described as “worse than naive” by some. 33 
Thus, while the “face validity” of scopolamine amnesia models can be argued from 
the perspective that pronounced cholinergic dysfunction in the brain is a common 
feature of dementia, “construct validity” may be less convincing, since scopolamine 
impairments are acute, systemic, and (thought to be) primarily postsynaptic, whereas 
the pathology of dementia is characterized as chronic, brain-specific, and — in the 
context of cholinergic projections — primarily presynaptic (reviewed by Steckler 64 ). 
Furthermore, “predictive validity” also appears to be limited, given that numerous 
investigational compounds have been observed to have the ability to reverse or 
attenuate scopolamine-related deficits in memory-related tasks, whereas few have 
been successful in clinical trials (see Sarter et al. 35 ). 
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FIGURE 2.1 Dose-related effects of scopolamine on performance of rats in a water-maze 
test. Scopolamine hydrobromide (0.1 or 0.3 mg/kg) or saline was administered subcutaneously 
30 min before testing. N = 10 to 12 rats per group. A: Results of hidden-platform test (days 
1-4) show mean latencies to locate a hidden platform on each day of a water-maze task; bars 
represent the mean of four trials per day (in seconds ± SEM, the standard error of the mean). 
B: Results of probe trials (day 5) show the percentage of total time (± SEM) spent in the 
quadrant where the platform was located during the previous four days of testing. Note: 
asterisks (*) represent performance significantly different (p < 0.05) from saline performance. 
There was a significant dose-related impairment of performance (p < 0.05) in each test. 


Somewhat less tenable criticisms are the so-called absence of dose-effect anal¬ 
yses in much of the published work and the failure of many investigators to use 
methylated (i.e., charged) forms of agents such as scopolamine and atropine to 
control for the effects of peripheral muscarinic blockade (reviewed by Fibiger 34 ). 
While it is common for investigators to use a single dose of scopolamine in memory 
studies (in particular, the studies in which potential therapeutic agents are screened 
for their ability to prevent or reverse the amnestic effects of antimuscarinics), there 
are now a multitude of published studies across a number of behavioral paradigms 
in which dose-effect analyses have been conducted. As a result, it seems unnecessary 
for every investigator who performs a study with scopolamine to reestablish dose- 
effect curves, particularly in well-established learning and memory paradigms. 
Figure 2.1 through Figure 2.4 provide representative data from work in our labora¬ 
tory, where dose-dependent effects of scopolamine (or clear dose-related trends) 
were observed in (three of the four) behavioral tasks ranging from spatial learning 
to auditory gating tasks to working-memory tasks. It should be noted that we did 
not detect delay-dependent impairments in performance of our delayed-response 
task (the Delayed Stimulus Discrimination task). 6165 

The use of methylated (i.e., charged or quaternary amine) forms of antimusca- 
rinic agents as controls is also well documented in the literature. Several studies 
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FIGURE 2.2 Dose-related effects of scopolamine on performance of rats in a step-through 
latency test. Scopolamine hydrobromide (0.4 or 1.0 mg/kg) or saline was administered sub¬ 
cutaneously 30 min before testing in a passive (inhibitory avoidance) task utilizing a 0.5-mA 
foot shock. ./V = 15 to 20 rats per group. Bars represent mean step-through latencies (in seconds 
± SEM), i.e., retention trials, to enter the dark chamber 24 h after training trials. Note: asterisks 
(*) represent performance significantly different (p < 0.05) from saline performance. There 
was no significant difference between the two doses evaluated (p > 0.05 for dose effect). 

using scopolamine methylbromide as a control reported that there was no effect of 
this analog on task performance, while other studies found that tertiary anticholin¬ 
ergic drugs ranged from 20 to 36 times more effective than quaternary analogs at 
impairing memory-related task performance. It should also be noted, however, that 
many of these studies involved spatial learning tasks and that significant effects of 
quaternary anticholinergics have been observed in a number of studies using food- 
motivated, delayed-response tasks (for a review, see Evans-Martin et al. 65 ). Several 
plausible explanations for an effect of quaternary cholinergic antagonists on such 
behaviors have been presented. For example, scopolamine may reduce the motivation 
for food consumption by reducing salivary secretions, by altering the taste of the 
reward, or by altering gastrointestinal function. These effects have been suggested 
in studies of the scopolamine salts and conditioned taste aversion. 66 In humans, 
muscarinic antagonists induce other peripheral effects such as blurred vision (by 
impairing accommodation 67 ), a factor that (if also present in rodents) could certainly 
impact the performance of tasks that require the discrimination of visual cues (e.g., 
water maze). We have, in fact, observed some impairment of the visible-platform 
task in the Morris water maze in previous experiments in our laboratory. 68 

Quaternary anticholinergics have been shown to inhibit the production of epineph¬ 
rine by the adrenal medulla, which in turn decreases the release of glucose from the 
liver. 69,70 This may decrease the entry of glucose into the brain and thus the subsequent 
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FIGURE 2.3 Dose-related effects of scopolamine on performance of rats in a test of prepulse 
inhibition of the auditory gating response. Scopolamine hydrobromide (0.01, 0.033, 0.10, or 
0.33 mg/kg) or saline was administered subcutaneously 40 min before testing. N = 10 to 12 
rats per group. The prepulse stimuli (75, 80, and 85 dB) inhibited the startle response to a 
120-dB auditory stimulus in a fashion that was dependent on the decibel level (data not 
shown). The bars depicting the scopolamine effect are averaged across prepulse levels. Note: 
asterisks (*) represent performance significantly different (p < 0.05) from baseline (saline) 
performance. There was a significant dose-related impairment of the gating response (p < 
0.05) in the test. Each value represents the mean ± S.E.M. 

synthesis of acetylcholine or other important neurotransmitters. In support of this 
hypothesis, the effects of scopolamine on passive avoidance and spontaneous alternation 
have been shown to be attenuated or reversed by glucose or epinephrine. 71 Finally, there 
is credible evidence that behaviorally significant concentrations of quaternary anticho¬ 
linergics penetrate the brain despite their polarized state in vivo. 21 


SCOPOLAMINE-REVERSAL STUDIES AND 

DRUG DISCOVERY 

Notwithstanding the criticisms described in the preceding section, the scopolamine- 
reversal paradigm has retained popularity in drug discovery programs for the past 
10 to 15 years for screening potential antidementia (or cognition-enhancing) 
compounds. It is likely that one of the reasons for the continued popularity of the 
model is that it can be set up relatively cheaply using rodents to perform tasks such 
as passive avoidance and the Morris maze, which makes the model amenable to 
high-throughput screening approaches. While the predictive validity of the model 
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FIGURE 2.4 Dose-related effects of scopolamine on performance of rats in a delayed stim¬ 
ulus discrimination task (DSDT). Scopolamine hydrobromide (5, 10, 25, and 50 pg/kg) or 
saline was administered subcutaneously 30 min before testing. /V = 8 rats per group. Rats 
were required to discriminate between a light and a tone and then, after a preprogrammed 
delay, to select a right or left lever to receive a food reward. Graphs 1 to 3: dose-effect curves 
for scopolamine hydrobromide on accuracy at short, medium, and long delays of the DSDT. 
Graph 4: dose-effect curves averaged across the delays. Each bar represents the mean ± SEM. 
Note: asterisks (*) represent performance significantly different (p < 0.05) from baseline 
(saline) performance. There was a significant dose effect (p < 0.05), but not a significant dose 
x delay interaction. 

for drug development purposes has been challenged, it should be noted that all of 
the commonly prescribed antidementia compounds have been observed to attenuate 
scopolamine-induced deficits in attention, learning, and memory in rodents. For 
example, rivastigmine attenuated scopolamine-related deficits in a dose-dependent 
fashion in an operant delayed nonmatching-to-position (working memory) task in 
rats 59 and improved deficits in both reference and working-memory versions of a 
water-maze task. 72 Galantamine attenuated scopolamine-induced deficits in passive- 
avoidance tasks 73 74 as well as in T-maze and Morris water-maze tasks. 75 Donepezil 
(E2020) attenuated scopolamine-related impairments in a delayed match-to-position 
task, a five-choice serial-reaction time (sustained attention) task, 76 and an eight-arm 
radial arm maze task. 77 Finally, recent data implicating CNS muscarinic receptors 
in the control of executive function is likely to further increase the enthusiasm related 
to this model. 60 
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CONCLUSIONS 

For more than three decades, antimuscarinic agents — particularly scopolamine — 
have been used to investigate the role of the CNS cholinergic system in learning 
and memory processes in the mammalian brain and to screen potential treatments 
for dementia. For a variety of reasons (peripheral actions, nonmnemonic effects, 
lack of construct and predictive validity, reversal by noncholinergic agents), the 
scopolamine amnesia model has been criticized, although convincing arguments 
have also been presented to support the model. The popularity of the scopolamine 
amnesia model is likely to continue, especially in drug discovery programs for 
dementia-related therapeutics, in light of recent data implicating CNS muscarinic 
receptors in the control of executive function. 60 
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INTRODUCTION 

Nicotinic acetylcholine-receptor systems are critical neural components of cognitive 
functions. Nicotine and nicotinic agonists have been shown to improve cognition in 
rats in numerous studies [13-15, 27, 31, 59]. Similarly, nicotinic-receptor antagonists 
— the subject of this chapter — can cause cognitive impairments in rats. The use 
of nicotinic-receptor antagonists in an animal model of cognitive impairment has 
clinical relevance because it models the functional effect of nicotinic-receptor loss. 
Studies have shown that patients with Alzheimer’s disease suffer a dramatic reduction 
in hippocampal and cortical nicotine-receptor density that parallels the cognitive 
decline associated with this disease [56-58]. Significant nicotinic-receptor loss also 
occurs in Parkinson’s disease [9], and postmortem studies in schizophrenics show 
a decrease in the number of a7 nicotinic receptors in the brain [8, 19]. Both of these 
diseases can also include cognitive decline. Thus animal studies wherein nicotinic 
receptors are blocked with antagonists can be useful in developing animal models 
of how these diseases — Alzheimer’s, Parkinson’s, and schizophrenia — affect 
cognition. 
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The predominant nicotinic-receptor antagonist used in cognitive studies with 
rats is mecamylamine, a noncompetitive antagonist that is not selective for particular 
nicotinic-receptor-subtype recognition sites. Mecamylamine has been shown to 
impair cognitive function on a variety of tasks, and this chapter reviews the effects 
of mecamylamine on task performance. In addition, a small number of studies have 
examined other nonspecific nicotinic antagonists, including chlorisondamine and 
d-tubocurarine, and the receptor-subunit-specific a4(32 (dihydro-(3-erythroidine 
hydrobromide [DH(3E]) and a7 (methyllycaconitine [MLA]) antagonists, and these 
will also be discussed. In addition, many studies use the peripheral nicotinic blocker 
hexamethonium to show the specificity of mecamylamine effects to the central 
nervous system (CNS). 


RADIAL ARM MAZE (RAM) 

Several studies in the Levin laboratory have illustrated the cognitive impairments 
of mecamylamine on the RAM (Table 3.1). Most of these studies have utilized the 
eight-arm RAM, which has eight arms radiating from a central platform. The RAM 
is a test of working memory, taxing the rat to remember which arms it has entered 
during the session to complete the maze efficiently. The measure of cognition used 
in most of these RAM studies is entries to repeat (ETR), which is the total number 
of arms entered before an arm is repeated. The RAM is a task that becomes more 
difficult as the session progresses. The ETR measure is sensitive in detecting when, 
as the task becomes increasingly difficult, the first breakdown in performance accu¬ 
racy occurs. Drugs that impair cognition, such as mecamylamine, reduce ETR. The 
dose threshold for cognitive impairment on the RAM appears to be above 5 mg/kg. 
Doses from 0 to 5 mg/kg of mecamylamine do not typically yield statistically 
significant impairments in cognition, while a dose of 10 mg/kg of mecamylamine 
has been shown repeatedly to significantly impair memory function (Table 3.1). 
Mecamylamine, given systemically, also significantly increases the response latency, 
which is measured as seconds/arm entry (Table 3.1). However, the cognitive effects 
of mecamylamine on RAM performance seem to be centrally acting, since hexa¬ 
methonium, a peripherally acting nicotinic antagonist, also increases the response 
latency but does not impair ETR [22]. 

One study [34] has examined the specificity of mecamylamine on working vs. 
reference memory. Reference memory across testing sessions involves memory for 
a subset of arms (4) never baited on the 16-arm RAM. Working memory within a 
testing session involves memory for a subset of arms (12) baited at the beginning 
of each session but not thereafter. In this testing paradigm, mecamylamine impaired 
working memory, but did not impair reference memory [34]. Since the 16-arm RAM 
working-reference memory task is a more difficult task than the 8-arm RAM work¬ 
ing-memory task, the dose threshold for mecamylamine-induced impairment is 
lower, at 1.25 mg/kg (Table 3.1). This is an important demonstration of effect, since 
there may be less-specific effects of mecamylamine at higher doses. 

The effects of mecamylamine infused directly into the brain have also been 
studied on the RAM. Infusion of mecamylamine into the lateral ventricles, substantia 
nigra, ventral tegmental area, or ventral hippocampus all cause RAM impairments 
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TABLE 3.1 

Effects of Mecamylamine on Radial Arm Maze Performance 


Rat Strain 

Sex 

Dose 

Route 3 

Outcome 15 

8-Arm RAM 





Sprague-Dawley 

Females 

2.5 mg/kg 

IP 20 min prior 

- ETR 

- No. of arms entered 
in first eight entries 

- Latency 

T Latency 



-3 mg/kg/d 

Implanted 

T ETR first week 




minipump 

T No. of arms entered 
in first eight entries 

- Entries to finish 

- Latency 



5 mg/kg 

IP 20 min prior 

- ETR 





- No. of arms entered 





in first eight entries 




SC 20 min prior 

si ETR 




IP or SC 20 min 

T Latency 




prior 




10 mg/kg 

IP or SC 20 min 

si ETR 





si No. of arms entered 





in first eight entries 

T latency 



200 pg/side 

Bilateral lateral 

si ETR 




ventricle 





5 min prior 

si Modified % correct 

- Latency 

- ETR in naive 





exploratory behavior 

on RAM 



1, 3.3, 

Nucleus 

- ETR 



10 pg/side 

accumbens 





5 min prior 

- Latency 




SN or VTA 

l ETR (10 ng/side) 




5 min prior 

- Latency 




Ventral 

si ETR (all doses) 




hippocampus 

5 min prior 

>1 Latency 

Aged Rats 
Sprague-Dawley 

Females 

2.5, 5, 

IP 20 min prior 

- ETR 



10 mg/kg 




Reference 


[26, 36, 37] 
[ 22 ] 

[22, 36] 
[26, 37] 
[29] 


[25] 

[ 22 ] 

[28] 

[22, 25, 28] 

[23-25, 28, 
32, 37, 38] 
[ 22 ] 


[4] 


[ 21 ] 


[30] 


[ 21 ] 


[ 32 ] 
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TABLE 3.1 

Effects of Mecamylamine on Radial Arm Maze Performance (continued) 

Rat Strain Sex Dose Route 3 Outcome 15 Reference 

16-Arm RAM with Working Memory and Reference Memory 

Sprague-Daw ley Females 0.625 mg/kg SC 20 min prior - WM errors [34] 

- RM errors 

- Latency 

1.25 mg/kg T WM errors 

- RM errors 
T Latency 

a IP = intraperitoneal injection; SC = subcutaneous injection; SN = substantia nigra infusion; VTA = 
ventral tegmental area infusion. 

b ETR = entries to repeat; WM = working memory; RM = reference memory; RAM = radial arm maze; 
T = enhanced performance; si = impaired performance; - = no effect. 


[4, 21, 30]. However, mecamylamine infusions up to 10 jig/side into the nucleus 
accumbens did not impair RAM performance [21]. Unlike systemic mecamylamine 
injections, infusions of mecamylamine directly into the CNS did not increase 
response latency on the RAM (Table 3.1). 

The effects of d-tubocurarine chloride (dTC), DHpE, and MLA have also been 
studied on the RAM [17]. The antagonists were injected directly into the ventral 
hippocampus-entorhinal (VHE) area via bilateral cannulae. Doses of dTC could not 
be found that would impair RAM performance without causing seizures [17]. Both 
DHpE and MLA cause significant dose-related decreases in ETR and increases in 
latency. However, the specificity of the selective antagonists is questioned, given the 
high doses required to induce significant impairments on the RAM [17]. Thus, 
another study [35] tested the effects of DHpE and MLA on the more difficult 16- 
arm RAM working-reference memory task. In that study, bilateral VHE injections 
of DHpE significantly increased both working- and reference-memory errors, while 
MLA only significantly increased working-memory errors. Neither drug, at the lower 
doses used on the 16-arm RAM, increased latency [35]. 

THREE-PANEL RUNWAY TASK 

The effects of mecamylamine have been tested on the three-panel runway task that 
has four choice points where the rat must choose among three doors [40]. Both 
working- and reference-memory versions of the task were utilized. For the working- 
memory task, the correct door choices were held constant throughout the six-trial 
session but changed from one session to the next, while the reference-memory test 
held the correct door choices constant throughout all testing sessions. Doses of 10 
mg/kg mecamylamine effectively impaired working but not reference memory [40]. 
Similarly, injections of 10 to 18 pg/side directly into the dorsal hippocampus also 
significantly increased working-memory errors but not reference-memory errors 
[40]. As with the RAM studies, mecamylamine is showing selective effects on 
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working and not reference memory on the three-panel runway task. Mecamylamine, 
administered either systemically or intrahippocampally, increased response latency 
during the working- but not the reference-memory task (Table 3.2). 

T-MAZE ALTERNATION 

Three studies have examined the effects of mecamylamine on T-maze alternation, 
in which rats are given food reward for alternating between the two arms of a T- 
shaped maze (Table 3.2). Mecamylamine doses up to 6.3 mg/kg, base wt. (or -5.17 
mg/kg, salt wt.), were ineffective in impairing the T-maze alternation performance 
[7]. Chlorisondamine, a nicotinic antagonist that does not easily enter the brain, 
injected directly into the lateral ventricles also did not affect T-maze alternation [21]. 
Another study confirms that mecamylamine does not impair T-maze alternation 
without delay until a dose of 10 mg/kg is given [39]. However, when a 30-sec delay 
was imposed, the 10-mg/kg mecamylamine dose actually resulted in fewer errors 
than the saline controls. Further, chronic mecamylamine infused via implanted 
osmotic minipumps delivering an approximate dose of 3 mg/kg/d did not cause 
consistent impairments on a T-maze alternation task that imposed delays of up to 
40 sec between trials [33]. Chronic mecamylamine caused a slight decrease in 
percent correct, in particular at the 0-sec delay on week 4 of testing. However, 
chronic mecamylamine exposure also caused a significant but transient improvement 
in T-maze performance at the 10-sec delay during the first week of testing. A similar 
transient improvement was observed previously with chronic mecamylamine on the 
RAM [29]. Some of the lack of cognitive deficits on the T-maze can be explained 
by the lower doses used. Doses greater than 5 mg/kg of mecamylamine are needed 
to impair T-maze alternation without delays [7, 33]. Surprisingly, mecamylamine 
may improve T-maze alternation performance when delays are added [33, 39]. 

T-MAZE DISCRIMINATION 

Mecamylamine causes cognitive impairments on the T-maze spatial discrimination 
task (Table 3.2). The T-maze discrimination task trained rats to respond to one spatial 
location: either the left or right arm. Mecamylamine doses of 5 or 10 mg/kg increased 
the number of errors on this task with and without the 30-sec imposed delay [39]. 

DELAYED (NON)MATCHING TO SAMPLE 

The effects of mecamylamine have been studied in both the delayed matching to 
sample (DMTS) [1, 5] and delayed nonmatching-to-sample (DNMTS) tasks [11, 
51]. These studies were conducted in two-lever operant boxes (Table 3.2). In the 
DMTS task, one of the levers is presented, and the rat must, after a delay, press the 
previously presented lever (match) to receive reward. Mecamylamine dose-depen- 
dently decreased choice accuracy in the DMTS task, and the threshold for cognitive 
impairment appears to be between 1 and 1.8 mg/kg (Table 3.2). Mecamylamine does 
significantly increase response latency [1, 5], but the effects on cognition seem to 
be central, since the peripherally acting nicotinic blocker hexamethonium did not 
decrease percent correct [1]. 
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TABLE 3.2 

Effects of Mecamylamine on Other Appetitive Tasks 


Rat Strain 

Sex 

Dose 

Route 3 

Outcome 15 

Reference 

Three-Panel Runway 





Wistar 

Males 

3.2 mg/kg 

IP 

- WM or RM task 

[40] 



10 mg/kg 


T Errors during WM task 

T Latency during WM task 

- Errors during RM task 

- Latency during RM task 




3.2 pg/side 

IH 

- WM or RM task 




10, 18 pg/side 


T Errors during WM task 

T Latency during WM task 

- Errors during RM task 

- Latency during RM task 


T-Maze Alternation 





Long-Evans 

Males 

0.2, 0.63, 

SC 20 min prior 

- No. of errors 

[7] 



2 mg/kg c 


- Response latency 




6.3 mg/kg c 


- No. of errors 






T Response latency 


Sprague-Dawley 

Males 

1, 5 mg/kg 

IP 20 min prior 

- No. of errors 

[39] 



10 mg/kg 


T No. of errors 

T Response latency 


Sprague-Dawley 

Females 

~3 mg/kg/day 

chronically 

T Percent correct at 

[33] 




implanted 

10-sec delay week 1 





minipump 

-1 Percent correct at 0-sec 






delay week 4 


T-Maze Discrimination 





Sprague-Dawley 

Males 

1 mg/kg 

IP 20 min prior 

- No. of errors 

[39] 



5, 10 mg/kg 


T No. of errors 

T Response latency 


Delayed Matching to Sample 





Long-Evans 

Males 

0.2, 1 mg/kg 

SC 30 min prior 

- Percent correct 

[1] 





- Response latency 




5 mg/kg 


■l Percent correct 

T Response latency 


Long-Evans 

Males 

1, L8, 

IP 15 min prior 

T Nose-poke IRT 

[5] 



3 mg/kg 

1.8, 3 mg/kg 


-1 Matching accuracy 


Delayed Nonmatching to Sample 




Han:Wistar 

Males 

1 mg/kg 

IP 30 min prior 

- Percent correct 

[51] 



3 mg/kg 


-1 Percent correct 


Hooded 

Males 

2, 5 mg/kg 

IP 30 min prior 

■l No. of trials completed 

[11] 



5 mg/kg 


■l Percent correct 
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TABLE 3.2 

Effects of Mecamylamine on Other Appetitive Tasks (continued) 


Rat Strain 

Sex 

Dose 

Route 3 

Outcome 15 

Reference 

Visual Signal Detection Task 





Sprague-Dawley 

Females 

1,2,4 mg/kg 

SC 10 min prior 

>L Percent hit 

[41] 



4 mg/kg 


>L Percent correct rejections 

T No. of no-response trials 


Long-Evans 

Males 

1.8, 3, 

IP 15 min prior 

■l Percent hit 

[6] 



5.6 mg/kg 


■l Percent correct rejections 




3, 5.6 mg/kg 


T No. of false alarms 




5.6 mg/kg 


T No. of no-response trials 

T Reaction time 


Long-Evans 


1,3, 

20 min prior 

>L Vigilance index 

[55] 



10 mg/kg 

3, 10 mg/kg 


T No. of omission errors 


Five-Choice Serial Reaction Time Task 




Hooded 

Males 

0.5, 1.6, 

SC 30 min prior 

- Percent correct 

[53] 



5 mg/kg 


T Percent of omissions 




(base wt.) 


T Correct response latencies 
■l Anticipatory responses 


Han:Wistar 

Males 

1, 3 mg/kg 

IP 30 min prior 

■l No. of trials completed 

T Percent of omissions 
■l Premature hole responses 

[52] 

Hooded Listar 

Males 

0.3, 1, 3, 

SC 30 min prior 

- Choice accuracy 

[20] 



5 mg/kg 




Aged Rats 






Hooded Listar 

Males 

0.3, 1 mg/kg 

SC 30 min prior 

- Choice accuracy 

[20] 


(15 months) 

3, 5 mg/kg 


>L Choice accuracy 


Long-Evans 

Males 

2 mg/kg 

SC 1 h prior 

- Percent correct 

[54] 


(20-25 

months) 

8 mg/kg 


>L Percent correct 


Tests of Response Inhibition 





Sprague-Dawley 

Males 

1-5 pg 

unilateral VMH 

T Responding during 

[50] 





signaled nonreinforcement 
period 


Wistar 

Males 

0.25, 0.5, 

SC 15 min prior 

- Effect on DRL-30 sec 

[2] 



1 mg/kg 

2 mg/kg 


T Premature responses 




4 mg/kg 


■l Reinforcement rate 


Sprague-Dawley 

Males 

10 pg/pl 

IH 7 min prior 

T Premature responses 

[49] 


■l No. of reinforcements 

a IP = intraperitoneal injection; IH = intrahippocampal injection; SC = subcutaneous injection; VMH = ventro¬ 
medial nucleus of the hypothalamus. 

b WM = working memory; RM = reference memory; IRT = interresponse time; DRL = differential reinforcement 
of low rate; T = enhanced performance; -l = impaired performance; - = no effect. 

c Mecamylamine doses in this study refer to the base. A 6.3-mg/kg base-wt. dose is equivalent to a 5.17-mg/kg 
salt-wt. dose. 
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Another study tested the effects of DHBE on a win-stay version of the RAM, 
which is similar to the DMTS. Rats are allowed to enter only one arm on the RAM, 
and this arm is baited and changes with each day of testing. The rats are then given 
delays up to 45 min and placed back on the maze with all eight arms available, but 
only the previously presented arm is baited (match). Entries into the nonbaited arms 
are scored as errors. Intraventricular injections of DHpE (30, 100, 300 nmol) dose- 
dependently increased the number of errors, with a significant increase over saline 
injection at the highest dose [10]. 

The DNMTS task is similar to DMTS, except the rat is rewarded for pressing 
the lever not previously presented (nonmatch). The threshold for cognitive impair¬ 
ment with mecamylamine on the DNMTS task appears to be 3 mg/kg, as both 1- 
and 2-mg/kg doses did not cause significant impairments, while 3- and 5-mg/kg 
doses did (Table 3.2). 

TESTS OF SUSTAINED ATTENTION 

Mecamylamine impairs performance on an operant visual-signal-detection task [6, 
41, 55]. Rats are trained in a two-lever operant chamber to press one lever when a 
light is presented (signal trial) and the other lever when no light is presented (blank 
trial). Variable presignal intervals ranging from 0.3 to 24.4 sec require sustained 
attention from the rat in order to detect the signal and respond correctly. Mecamyl¬ 
amine dose-dependently decreased choice accuracy by reducing both percent hit 
and percent correct rejection (Table 3.2). In addition, when rats were divided fol¬ 
lowing training into low- and high-accuracy groups, mecamylamine reduced the 
percent hit in the low-accuracy group at a lower dose than in the high-accuracy 
group [41]. 

The five-choice serial reaction time task (5-CSRTT) is similar to the visual- 
signal-detection task described above, but it is conducted in an operant chamber 
with five nose-poke holes. A randomly chosen hole is briefly illuminated, and the 
rat is rewarded for nose-poking the signaled hole. Again, a variable intertrial interval 
requires sustained attention from the rat in order to detect the signal and respond 
correctly. The impairments of mecamylamine on the 5-CSRTT seem to be less of 
an effect on cognition and more of an effect on motor activity. Mecamylamine seems 
to cause the rats to be less responsive, with fewer completed trials and fewer 
anticipatory responses [52, 53]. However, mecamylamine caused a decrease in the 
percent of omission errors, and it also increased the correct response latencies, 
indicating that rats were trading off speed for accuracy [52, 53]. There was a 
significant interaction of mecamylamine with age on the 5-CSRTT (Table 3.2). 
Mecamylamine doses that were ineffective in young rats (3 months) impaired choice 
accuracy in middle-aged rats (15 months) [20]. The threshold for cognitive impair¬ 
ment in aged rats seems to be 3 mg/kg (Table 3.2). 

TESTS OF RESPONSE INHIBITION 

Mecamylamine appears to impair response inhibition in rats (Table 3.2). Intrahypo- 
thalamic injections of mecamylamine significantly increased responding during the 
signaled nonreinforced portion of a multiple schedule paradigm [50]. In addition, 
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mecamylamine also impaired performance on the differential-reinforcement-of-low- 
rate (DRL-30 sec) task (Table 3.2). For the DRL-30-sec task, rats are trained to 
press a lever every 30 sec for food reward, and premature responding is punished 
by resetting the timer. Mecamylamine (2 mg/kg) significantly increased the number 
of very premature responses (less than 6 sec) on the DRL-30-sec task, while the 4- 
mg/kg dose significantly lowered the reinforcement rate [2]. Similarly, dorsal and 
ventral hippocampal injections of mecamylamine significantly increased premature 
responses and decreased the number of reinforcements received [49]. It is interesting 
that mecamylamine decreases the number of anticipatory responses on the 5-CRSTT 
but increases the number of premature responses on the DRL-30-sec task. 

WATER MAZE 

Mecamylamine has also been shown to impair cognition in the water-maze task, in 
which the rat is required to learn and remember the spatial location of a hidden 
submerged platform in order to escape from the water. Impaired performance is 
noted by increased escape distances or latencies. In addition, a spatial probe trial is 
often run once rats are trained in which the platform is removed, and the time spent 
swimming in each quadrant is recorded. Riekkinen and colleagues [42-48] refer to 
this as spatial bias or increased time swimming in the quadrant where the platform 
was previously located. A dose of 2.5 mg/kg of mecamylamine appears to be 
subthreshold having no effect on escape distance or spatial bias [44, 46], but doses 
of 3 to 10 mg/kg effectively impair water-maze performance (Table 3.3). The effect 
on cognition may be somewhat confounded, since mecamylamine can alter swim 
speed. Decker and Majchrzak [12] found that mecamylamine doses of 3 and 10 
mg/kg slowed swimming somewhat to a visible platform, while Riekkinen et al. 
[46,48] have found increased swim speeds with doses of 7.5 and 10 mg/kg. However, 
the peripherally acting hexamethonium does not cause any significant impairments 
in water-maze performance [12, 46, 47], strengthening the argument that the effect 
of mecamylamine on water-maze performance is central. Further, intracerebroven- 
tricular (ICV) injections of mecamylamine significantly impaired water-maze per¬ 
formance without altering swim speed [10, 12]. 

Mecamylamine appears to impair acquisition but not retrieval of spatial infor¬ 
mation in the water maze. Decker and Majchrzak [12] trained rats for 4 days to a 
new platform location, giving mecamylamine before each training session and before 
the spatial probe trial on the fifth day, which tests the retrieval of spatial information. 
Systemic mecamylamine did not impair escape latency or spatial bias, but the highest 
dose of ICV mecamylamine (100 pg) did marginally decrease the time spent in the 
previous platform quadrant (spatial bias) [12]. Systemic mecamylamine injections 
given only prior to the retention spatial probe trial had no effect [46]. 

Intraventricular (ICV) injections of DHpE impair water-maze performance [10]. 
Male Long-Evans rats were given ICV injections of DH(3E (0, 30, 100, or 300 nmol) 
daily during the 3 to 4 days of training on the water maze. On the day following 
training, spatial probe trials were given with and without the DH(3E injections. Only 
the highest dose increased escape latency during training and decreased spatial bias 
on the spatial probe trial. The decrease in spatial bias was observed with and without 
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TABLE 3.3 

Effects of Mecamylamine on Water-Maze Performance 


Rat Strain 

Sex 

Dose 

Route 3 

Outcome 15 

Reference 

HamWistar 

Males 

2.5 mg/kg 

IP 40 min prior 

- Escape distance 

[44, 46] 





- Swim speed 

[44, 46] 





- Spatial bias 

[46] 

Long-Evans 

Males 

3 mg/kg 

IP 20 min prior 

T Escape latency 
- Swim speed (swam slightly 

[12] 





slower to visible platform) 


Kuo:Wistar 

Males 

7.5 mg/kg 

IP 40 min prior 

T Escape distance 

T Swim speed 

[43] 




IP 30 min prior 

T Escape distance 
- Swim speed 

[44] 



10 mg/kg 

IP 30 min prior 

T Escape distance 

[42, 46-48] 





■l Spatial bias 

[46] 





- Or T swim speed 

[46, 47] 



30 mg/kg 


T Escape distance 

[48] 

Long-Evans 

Males 

10 mg/kg 

IP 20 min prior 

T Escape latency 
■l Spatial bias 

[12] 





- Swim speed (swam slightly 
slower to a visible platform) 


Long-Evans 

Males 

10,30,100 pL 

ICV injection 

T Escape latency 
■l Spatial bias 

- Swimming to a visible platform 

[12] 

Aged Rats 






Han-Wistar 

Males 

10 mg/kg 

IP 30 min prior 

T Escape distance 

[45] 


(24-26 



- Spatial bias 



months) 


a IP = intraperitoneal injection; ICV = intracerebroventricular injection. 
b T = enhanced performance; -l = impaired performance; - = no effect. 


drug injection prior to testing. None of the doses of DHpE changed the swim speed 
or the escape latency to a visible platform [10]. 

AVOIDANCE LEARNING 

Riekkinen and colleagues have also tested the effects of mecamylamine on a passive- 
avoidance task. In this task, the rat is placed in the bright side of a two-compartment 
box and is given a foot shock when it enters the dark compartment. Retention is 
tested 24 h later by placing the rat in the bright compartment, and learning is evident 
by longer retention latencies to enter the dark compartment. Riekkinen et al. found 
that 7.5-mg/kg injections of mecamylamine significantly reduced the retention laten¬ 
cies [43, 44], while apparently, a higher dose of 10 mg/kg did not [46-48]. However, 
a mecamylamine dose of 30 mg/kg did significantly reduce the retention latency 
[48]. Another study showed that a mecamylamine dose of 25 mg/kg effectively 
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TABLE 3.4 

Effects of Mecamylamine on Avoidance Learning 


Rat Strain 

Sex 

Dose 

Route 3 

Outcome 15 

Reference 

Long-Evans 

Males 

5 mg/kg 

IP 30 min prior 

- Drinking latency 

[18] 

Kuo:Wistar 

Males 

7.5 mg/kg 

IP 30 or 40 min prior 

■l Retention latency 

[43, 44] 



10 mg/kg 

IP 30 min prior 

- Retention latency 

[46-48] 



30 mg/kg 


■l Retention latency 

[48] 

Wistar 

Males 

0.5, 5 mg/kg 

SC 20 min prior 

- Retention latency 

[16] 



25 mg/kg 


■l Retention latency 


Sprague-Dawley 

Males 

10 pg/pl 

IH 7 min prior 

T Avoidance responses 
■l Shock presentations 

[49] 

Weanling Rats 






London black 


5 pg/pL 

VHE injection 

■l Retention latency 

[3] 


PND 11, 13, 16, 20 


50 pg/pL -l Retention latency 

PND11-16 

100 pg/pL -l Retention latency 

PND 11-20 

a IP = intraperitoneal injection; SC = subcutaneous injection; VHE = ventral hippocampus-entorhinal area 
injection. 

b T = enhanced performance; si = impaired performance; - = no effect; PND = postnatal day. 

decreased retention time in the passive-avoidance task, while the peripheral blocker 
hexamethonium did not [16]. 

Mecamylamine injected into the hippocampus improved performance in well- 
trained rats during the Sidman avoidance task (Table 3.4). Rats were first trained 
with a 7-sec light (CS) preceding a shock (US). The shock occurred every 28 sec, 
so the rat could avoid the shock by crossing to the other side of the shuttle box any 
time within the 21 sec preceding the light or during the light presentation. Rats were 
trained to criterion with the light cue, and then they were trained to criterion in the 
uncued Sidman procedure without the light cue. Following that, mecamylamine was 
administered. Mecamylamine significantly increased avoidance responses and 
decreased shock presentations compared with baseline performance [49]. It is 
unclear why mecamylamine improves performance on this avoidance task and not 
on the passive-avoidance task described above. Perhaps it is a function of the rats 
being well trained in the Sidman avoidance task. 

Goldberg et al. [18] tested the effects of mecamylamine on fear learning in rats 
using conditioned suppression. In this task, food-restricted rats were first trained to 
lick for a milk solution to a criterion of 100 licks/min. Mecamylamine was then 
given before a session in which a foot shock was given and no milk solution was 
available. Then, in a following session without shock and with the milk solution 
available, the time to finish 100 licks was recorded and termed the drinking latency. 
Mecamylamine did not impair fear learning. In fact, it caused a subtle nonsignificant 
increase in drinking latency. 
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Lastly, one study examined the effects of nicotinic blockade during the devel¬ 
opment of the passive-avoidance task in young weanling rats. For this study, 
mecamylamine was injected directly into the ventral hippocampus-entorhinal (VHE) 
area, and it impaired the acquisition of a passive-avoidance task in preweanling rats 
and also reduced the resistance to extinction [3]. 

CONCLUSIONS 

The effective mecamylamine dose for the majority of tasks appears to be above 5 
mg/kg. The most sensitive tasks for cognitive impairments of mecamylamine were 
the visual-signal-detection task, the 16-arm RAM, DMTS, DNMTS, and the water 
maze. Doses as low as 3 mg/kg of mecamylamine caused impairments in the DNMTS 
task [51] and the water maze [12]. Mecamylamine doses of 1.25 and 1.8 mg/kg 
caused cognitive impairments on the 16-arm RAM [34] and DMTS task [5], respec¬ 
tively, and a dose as low as 1 mg/kg caused significant impairments on the visual- 
signal-detection task [6, 41, 55]. Using more-sensitive tasks can be useful, since 
higher doses of mecamylamine have less specific effects, making it harder to tease 
out the cognitive impairments from other side effects. Mecamylamine doses of 10 
mg/kg have been reported to cause some sedation, slowed response, and ptosis 
(drooping of the upper eyelid) (e.g., [22, 55]). 

Mecamylamine seems to have its greatest impairments during the acquisition of 
the task rather than during consolidation or retention of the task [12, 46]. It also 
seems to affect working memory and not reference memory [34,40]. Mecamylamine 
had varying effects in aged rats, depending on the task given. It was ineffective in 
aged rats on the RAM [32] but exacerbated the effects on the 5-CRSTT [20]. 
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INTRODUCTION 

Since its discovery in the early 1950s, the N-methyl-D-aspartate (NMDA) receptor 
system in the brain has been implicated in many fundamental functions, including 
neuronal plasticity, neurotoxicity, learning, and memory (Riedel et al., 2003). The 
aim of this chapter is to summarize the current findings on the role of glutamate- 
receptor systems in learning and memory in different animal models and humans. 
The structure, localization, and pharmacology of these receptors will not be dis¬ 
cussed in this chapter. For those who are interested in these particular topics, we 
refer them to an excellent recent review (Riedel et al., 2003). 

ANIMAL STUDIES 

Researchers have provided increasing evidence that the NMDA-receptor systems 
generally, and glutamate-mediated long-term potentiation (LTP) in particular, may 
play a crucial role in the processes of learning and memory formation. NMDA 
receptors in the brain have been implicated and been shown to play a crucial role 
in various types of learning. These receptors have been demonstrated to be involved 


37 












38 


Animal Models of Cognitive Impairment 


in Pavlovian fear conditioning (Xu et al., 2001), eyeblink conditioning (Thompson 
and Disterhoft, 1997), spatial learning (Morris et al., 1986; Shimizu et al., 2000; 
Tsien et al., 1996), working and reference memory (Levin et al., 1998; May-Simera 
and Levin, 2003), place preference (Swain et al., 2004), passive-avoidance learning 
(Danysz et al., 1988), olfactory memory (Si et al., 2004; Maleszka et al., 2000), and 
reversal learning (Harder et al., 1998). 

NMDA 

It has been suggested that the activation of the NMDA receptor is required for long¬ 
term potentiation (LTP) in the hippocampus, amygdala, and medial septum 
(Izquierdo, 1994; Rockstroh et al., 1996; Scatton et al., 1991). This mechanism has 
been implicated in memory formation; the involvement of the glutamate-receptor 
system and LTP is strongly linked to new learning and memory in animal models 
(Lozano et al., 2001; Scheetz and Constantine-Paton, 1994; Tang et al., 1999, 2001; 
Wong et al., 2002). Both lesion studies and pharmacological manipulations in exper¬ 
imental animals suggest that the NMDA-receptor system may be important in the 
induction of memory formation, but not for the maintenance of memories (Constan¬ 
tine-Paton, 1994; Izquierdo, 1991; Izquierdo and Medina, 1993; Liang et al., 1993; 
Quartermain et al., 1994; Rickard et al., 1994). Indeed, it has been shown that 
NMDA-receptor blockade after learning a task had no effect on memory performance 
in humans, whereas blockade of receptors before learning resulted in memory 
impairment (Hadj Tahar et al., 2004; Oye et al., 1992; Rowland et al., 2005). 

NMDA alone, systemically administered in rats, has been shown to potentiate 
cognitive functions (Hlinak and Krejci, 2002; Koek et al., 1990). A recent study 
(Hlinak and Krejci, 2003) investigated whether systemically administered NMDA 
can prevent amnesia induced by an NMDA antagonist dizocilpine (MK-801). Using 
a modified elevated plus maze paradigm, it was demonstrated that NMDA admin¬ 
istered subcutaneously immediately after the acquisition session protected the mice 
against amnesia induced by MK-801 given shortly before the retention session. 

Transgenic and Mutant Mice 

Studying transgenic and mutant mice has provided more evidence in support of the 
involvement of the NMDA in cognition. Mutant mice lacking the NMDA-receptor 
subunit NR2A have shown reduced hippocampal LTP and spatial learning (Sakimura 
et al., 1995). Also, transgenic mice lacking NMDA receptors in the CA1 region of 
the hippocampus show both defective LTP and severe deficits in both spatial and 
nonspatial learning (Shimizu et al., 2000; Tsien et al., 1996). On the other hand, 
genetic enhancement of NMDA-receptor function results in superior learning and 
memory. Recently, in an interesting study, Tang et al. (2001) confirmed the role of 
the NMDA-receptor system in LTP in the hippocampus and in learning and memory. 
Using the NR2B transgenic (Tg) lines of mice, in which the NMDA-receptor func¬ 
tion is enhanced via the NR2B subunit transgene in neurons of the forebrain, they 
demonstrated both larger LTP in the hippocampus and superior learning and memory 
in naive NR2B Tg mice (Tang et al., 1999; Tang et al., 2001; Wong et al., 2002). 
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In the novel-object recognition task, however, enriched NR2B Tg mice exhibited 
much longer recognition memory (up to 1 week) compared with that (up to 3 days) 
of naive NR2B Tg mice. Together, these findings confirm and support the important 
role of the NMDA receptor in memory. 

NMDA Antagonists 

NMDA-receptor antagonists such as MK-801, ketamine, phencyclidine (PCP), 2- 
amino-5-phosphonopentanoate (AP5), and selective mGlu5-receptor antagonist 2- 
methyl-6-(phenylethynyl)-pyridine (MPEP) have been extensively used to study the 
role of NMDA in learning and memory. Both acute and subchronic administration 
of NMDA-receptor antagonists have been shown to impair performance on tasks 
that seem to depend upon hippocampal or amygdaloid functions (Izquierdo and 
Medina, 1993; Jentsch and Roth, 1999; Morris et al., 1986). These tasks include 
passive avoidance (Benvenga and Spaulding, 1988; Kesner and Dakis, 1993; Murray 
and Ridley, 1997; Venero and Sandi, 1997), acquisition of Morris water maze (Heale 
and Harley, 1990), and delayed alteration (Verma and Moghaddam, 1996). 

The noncompetitive, highly specific N-methyl-D-aspartate NMDA-receptor 
antagonist dizocilpine (MK-801) (E. H. Wong et al., 1986) has been shown to induce 
dose-dependent impairment of learning and memory (Benvenga and Spaulding, 
1988; Butelman, 1990; Carey et al., 1998; de Lima et al., 2005; Hlinak and Krejci, 
1998, 2003; May-Simera and Levin, 2003; Murray and Ridley, 1997; Murray et al., 
1995; Venero and Sandi, 1997). It has also been shown that MK-801 selectively 
disrupts reversal learning in rats using serial reversal tack (van der Meulen et al., 
2003). Further, several studies have revealed that MK-801 administration impairs 
different aspects of learning and memory in the elevated plus maze in rodents (Hlinak 
and Krejci, 1998, 2000, 2002). Recently, the effects of NMDA-receptor blockade 
on formation of object-recognition memory were examined in rats. It was found that 
MK-801 impaired both short- and long- term retention of object-recognition memory 
when given either before or after training. These results suggest that NMDA-receptor 
activation is necessary for formation of object-recognition memory (de Lima et al., 
2005). Amnesic effects of MK-801 in mice have also been reported. MK-801 injected 
intravenously in mice before a training trial in a passive-avoidance task produced 
an amnesic effect similar to that produced by the standard amnesic agent scopola¬ 
mine, yet the potency of MK-801 was 40 times that of scopolamine. Effects of MK- 
801 on corticosterone facilitation of long-term memory have been examined in 
chicks. It has been shown that long-term memory formation for a weak passive- 
avoidance task in day-old chicks is facilitated by corticosterone administration 
(Venero and Sandi, 1997) and that intracerebral infusion of MK-801 prevents the 
facilitating effect of corticosterone when MK-801 is given before the training trial. 
These results support the view that corticosterone facilitates the formation of long¬ 
term memory in this particular learning model through the modulation of the NMDA- 
receptor system in the brain. 

In addition to memory impairment, MK-801 has been shown to induce changes 
in motor activity (Ford et al., 1989). Therefore, it is important to know whether the 
MK-801 effects upon memory are secondary to its effect on motor disturbance. In 
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an attempt to address this important issue, Carey et al. (1998) examined the effects 
of MK-801 upon retention of habituation to a novel environment and locomotor 
activity. It was demonstrated that a low dose of 0.1 mg/kg MK-801, which did not 
affect locomotor activity, severely interfered with retention of the novel environment. 
This observation suggests dissociation between the effects of MK-801 on memory 
and locomotor activity. 

The eyeblink classical conditioning paradigm is an extensively used measure of 
associate learning and memory (Woodruff-Pak et al., 2000). The contribution of the 
NMDA-receptor system in the brain to classical eyeblink conditioning has been 
investigated pharmacologically in rabbits and mice. It has been shown that MK-801 
slows the rate of acquisition during delay conditioning (Thompson and Disterhoft, 
1997). 

Using eyeblink classical conditioning in mice, Takatsuki et al. (2001) demon¬ 
strated the role of NMDA receptors in acquisition of the conditioned response (CR). 
Further, these researchers have shown that the contribution of these receptors to 
extinction is much smaller than their contribution to acquisition in mouse eyeblink 
conditioning. In these studies, it was shown that MK-801 impaired acquisition of 
the CR during mouse eyeblink conditioning in a task-dependent manner. 

Learning impairments induced by glutamate blockade using MK-801 have also 
been reported in nonhuman primates. Acquisition and reversal learning of visual- 
discrimination tasks and acquisition of visuospatial discrimination tasks were 
assessed in marmosets using the Wisconsin General Test Apparatus. It was shown 
that MK-801 impaired acquisition of visuospatial (conditional) discrimination 
(Harder et al., 1998). Lesions of the fornix (Harder et al., 1996) or hippocampus 
(Ridley et al., 1988, 1995) have been shown to produce a specific and severe 
impairment on visuospatial tasks. Thus, it could be suggested that it is the effect of 
MK-801 on glutamatergic corticohippocampal projections that is responsible for the 
visuospatial impairment (Harder et al., 1998). 

Selective impairment of learning and blockade of LTP by other NMDA-receptor 
antagonists has been reported. It has been shown that blockade of NMDA sites with 
the drug AP5 does not detectably affect synaptic transmission in the hippocampus, 
but prevents the induction of LTP. Interestingly, chronic intracerebroventricular 
infusion of D,L-AP5 (which blocks LTP in vitro and in vivo ) selectively impaired 
the acquisition of place learning in the Morris water maze, a type of learning that 
is dependent on normal hippocampal functioning. These results further suggest that 
the NMDA-receptor system is involved in spatial learning and supports the hypoth¬ 
esis that LTP is involved in some forms of learning (Morris et al., 1986). 

Recently, it was also demonstrated that MPEP at a relatively high dose, but not 
at low dose, impaired working memory and instrumental learning. MPEP adminis¬ 
tration also caused a transient increase in dopamine release in the prefrontal cortex 
and nucleus accumbens. MPEP exposure also augmented the effect of MK-801 on 
cortical dopamine release, locomotion, and stereotypy. Pretreatment with low (3 
mg/kg) MPEP enhanced the detrimental effects of MK-801 on cognition (Homayoun 
et al., 2004). These results suggest that an mGlu5-receptor antagonist such as MPEP 
plays a major role in regulating NMDA-receptor-dependent cognitive functions. 
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To investigate the involvement of the NMDA receptors in different stages of 
memory consolidation, Tronel and Sara (2003) recently examined the effect of a 
competitive NMDA-receptor antagonist, 2-amino-5-phosphonovalerate (APV), on 
odor-reward associative learning in rats. It was shown that the blockade of NMDA 
receptors by APV injected intracerebroventricularly immediately after training 
induced a profound and enduring amnesia, but had no effect when the treatment was 
delayed 2 hours after training. More specifically, it was shown that the blockade of 
NMDA receptors in the prelimbic region of the frontal cortex, but not into the 
hippocampus, impaired memory formation of the odor-reward association in rats. 
These results confirm the role of NMDA receptors in the early stage of consolidation 
of a simple odor-reward associative memory and underlie the role of the frontal 
cortex in consolidation of long-term memory (Tronel and Sara, 2003). 

There have also been reports of amnesia in passive-avoidance task induced by 
posttrial administration of APV into the hippocampus or the amygdala (Ferreira et 
al., 1992; Zanatta et al., 1996). However, in a recent study, Santini et al. (2001) 
demonstrated that the amnesia observed 24 hours after systemic administration of 
NMDA antagonist D(-)-3-(2-carboxypiperazine-4-yl)-propyl-l-phosphonic acid 
(CPP) was transient. The authors argue that the so-called rescued memory at 48 
hours supports the existence of late waves of NMDA activity promoting memory 
consolidation. 

Pretraining administration of NMDA-receptor antagonists has been shown to 
produce anterograde amnesia in Pavlovian fear conditioning (Kim et al., 1991; Xu 
and Davis, 1992), spatial learning (Hauben et al., 1999), and passive avoidance 
(Danysz et al., 1988). Intercranial administration of NMDA-receptor antagonist AP5, 
without impairing performance processes, produced anterograde amnesia when 
given before training in goldfish (Xu et al., 2001). 

Phencyclidine (PCP), a noncompetitive NMDA-receptor antagonist, has been 
shown to produce both positive and negative symptoms of schizophrenia as well as 
cognitive defects in healthy humans (Javitt and Zukin, 1991; Tamminga, 1998). PCP 
has been used to further investigate the role of the NMDA-receptor system in learning 
and memory. The performance of rats and mice (Podhorna and Didriksen, 2005) in 
the Morris water maze and spatial continuous recognition memory task have all been 
shown to be impaired following acute PCP exposure. PCP-treated animals main¬ 
tained the original learned rule, and they were only impaired in abolishing it and 
establishing a new rule. This suggests that acute PCP administration at doses of 1.0 
and 1.5 mg/kg was able to significantly impair complex cognitive tasks without 
disrupting simple rule-learning parameters (Abdul-Monim et al., 2003). Recently, it 
was shown that repeated administration of PCP failed to produce enduring memory 
impairment in an eight-arm radial arm maze in rats or mice (Li et al., 2003). 

Haloperidol failed to ameliorate the deficit in reversal task performance induced 
by PCP. In contrast, the new atypical antipsychotic ziprasidone produced a significant 
improvement in impairment of the reversal task performance induced by PCP 
(Abdul-Monim et al., 2003). Consistent with these findings, it has been demonstrated 
that in a novel objective recognition test, repeated administration of PCP significantly 
decreased exploratory preference in the retention test session but not in the training 
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test session. PCP-induced deficits were significantly improved by subsequent sub¬ 
chronic administration of clozapine but not haloperidol (Hashimoto et al., 2005). 

NMDA Transporter Inhibitors 

Blockade of glutamate uptake by transporter inhibitors has also been used to study 
the role of NMDA in memory formation. Recently, it was demonstrated that pre¬ 
training injections of a glutamate-transporter inhibitor L-trans-2,4-PDC (L-trans- 

2.4- pyrrolidine dicarboxylate) had no effect on acquisition and short-term (1 h) 
memory but impaired long-term (24 h) associative olfactory memory in a dose- 
dependent manner in the honeybee. This effect was found to be transient, and 
amnesic animals could be retrained 48 h after injections (Maleszka et al., 2000). 
Using the same species, Si et al. (2004) examined the behavioral effects of L-trans- 

2.4- PDC and antagonists memantine (low affinity) and MK-801 (high affinity) on 
learning and memory. Consistent with previous findings (Maleszka et al., 2000), L- 
trans-2,4-PDC exposure induced amnesia in the honeybee. Similar to L-trans-2,4- 
PDC, both pretraining and pretesting injections of MK-801 led to an impairment of 
long-term (24 h) memory, but had no effect on short-term (1 h) memory of an 
olfactory task. Interestingly, the L-trans-2,4-PDC-induced amnesia was “rescued” 
by memantine injected either before training or before testing, suggesting that 
memantine is able to restore memory recall rather than memory formation or storage 
(Si et al., 2004). Although the role of the glutamatergic system in the central nervous 
system of invertebrates is poorly understood and somewhat controversial, this result 
suggests a role for glutamatergic transmission in memory processing in this organ¬ 
ism. Studies by Si et al. (2004) are consistent with the idea that memantine and 
MK-801-sensitive receptors in the honeybee are involved in memory recall. It is 
worth mentioning that other neurotransmitters, in particular acetylcholine, have also 
been implicated in memory processes in the honeybee (Lozano et al., 2001; Shapira 
et al., 2001). 


HUMAN STUDIES 

The NMDA-receptor system in the brain has also been implicated in learning and 
in the process of new memory formation in humans. This has been demonstrated 
by several investigators using different NMDA antagonists. The NMDA-receptor 
antagonists ketamine and phencyclidine have been shown to evoke a range of 
symptoms and cognitive deficits that resemble those in schizophrenia (Honey et al., 
2005; Krystal et al., 1994). Hypofunctionality of the glutamatergic system in the 
brain, and specifically hypofunction of the subpopulation of corticolimbic NMDA 
receptors, has been implicated in the pathophysiology of schizophrenia (Coyle, 1996; 
Olney and Farber, 1995; Tsai and Coyle, 2002). To test this hypothesis, ketamine 
has been used extensively for pharmacological manipulation of the NMDA receptor. 
Ketamine exposure leads to the blockade of NMDA receptors and consequent hypo- 
functionality of the glutamatergic system in the brain. The effects of the noncom¬ 
petitive NMDA antagonist ketamine on cognitive function in humans have been 
investigated by several workers (Honey et al., 2005; Krystal et al., 1994; Lisman 
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et al., 1998; Malhotra et al., 1996; Newcomer and Krystal, 2001; Oye et al., 1992; 
Rockstroh et al., 1996; Schugens et al., 1997). Overall, these studies demonstrated 
that NMDA-receptor blockade in humans impairs learning and memory (Honey et 
al., 2005; Morgan et al., 2004; Rockstroh et al., 1996). Recently, the results of an 
fMRI (functional magnetic resonance imaging) study showed that acute ketamine 
exposure altered the brain response to executive demands in a verbal working- 
memory task. The results of this study suggest a task-specific effect of ketamine on 
working memory in healthy volunteers (Honey et al., 2004). In another fMRI study 
using a double-blind, placebo-controlled, randomized within-subjects design, it was 
demonstrated that ketamine exposure disrupted frontal and hippocampal contribu¬ 
tions to encoding and retrieval of episodic memory (Honey et al., 2005). To explore 
the involvement of the glutamatergic system in memory processing in human sub¬ 
jects, Schugens et al. (1997) investigated the effects of a single dose of a low-affinity, 
noncompetitive blocker of the NMDA receptors (memantine [1-lminoadamantane 
derivative]) on learning and memory in young, healthy volunteers. Applying a 
double-blind placebo-controlled design, they found no significant effects of meman¬ 
tine on mood, attention, or immediate and delayed verbal and visuospatial memory. 
However, memantine delayed the acquisition of classical eyeblink conditioning and 
reduced the overall frequency of conditioned responses without affecting reflex or 
spontaneous eyeblinks. 

Administration of SDZ EAA 494, a potent enantiomerically pure NMDA antag¬ 
onist (Aebischer et al., 1989), has been shown to impair the memory process in 
humans. SDZ EAA 494 is a competitive, highly specific antagonist at the NMDA- 
type excitatory amino acid receptor. To investigate the effect of this NMDA antag¬ 
onist on memory and attention in humans, SDZ EAA 494 was administered either 
acutely or as multiple doses over a course of 1 week. The assessment included simple 
and complex reaction time tests to assess attention, as well as verbal, nonverbal, and 
spatial memory tests with immediate and late recall. Verbal and nonverbal memory 
performance was significantly impaired after both acute and chronic administration 
of SDZ EAA 494. The reaction time and spatial-memory tests were not significantly 
affected. 

Recently, in a double-blind study, it was demonstrated that amantadine, a low- 
affinity NMDA-receptor channel blocker, given orally to healthy young volunteers 
failed to block motor learning consolidation in subjects that had already learned the 
task (Hadj Tahar et al., 2004). It has also been shown that ketamine given to healthy 
human subjects impaired learning of spatial and verbal information, but not retrieval 
of information learned prior to ketamine administration (Rowland et al., 2005). In 
another double-blind placebo-controlled design with healthy human volunteers, 
Morgan et al. (2004) demonstrated that ketamine treatment produced a dose-depen¬ 
dent impairment to episodic and working memory. Ketamine also impaired recog¬ 
nition memory and procedural learning. 

These results support the notions that (a) NMDA receptors are involved in new 
memory formation in humans and, as mentioned earlier in this chapter, (b) blockade 
of NMDA receptors after a task has been learned has no effect on memory in humans 
(Hadj Tahar et al., 2004; Oye et al., 1992; Rowland et al., 2005). 
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CONCLUSIONS 

Both animal and human studies clearly indicate that the NMDA-receptor system in 
the brain, in addition to its roles in other brain functions, is conceivably involved in 
the processes of learning and memory formation. This notion has been supported 
by consistent results from studies investigating the effects of NMDA itself, NMDA 
antagonists, NMD A-transporter inhibitors, and NMDA-channel blockers in trans¬ 
genic mice. As an animal model of schizophrenia, NMDA-antagonist-induced mem¬ 
ory impairment is quite useful, since working-memory impairment has been sug¬ 
gested to be the core cognitive deficit in schizophrenia, leading to impairment in 
other domains of cognition (Goldman-Rakic and Selemon, 1997; Li et al., 2003). 
Therefore, an animal model of working-memory impairment produced by NMDA 
antagonists that parallels both the NMDA hypofunctionality in specific areas of the 
brain (Coyle, 1996) and the cognitive deficits found in schizophrenia, including 
response to pharmacological treatment, would be of considerable value in studying 
the pathophysiology and treatment of some aspects of schizophrenia. 
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BACKGROUND 

Ethanol (ethyl alcohol, alcohol) has been widely studied in many different formats 
and at many levels of complexity. Given the wealth of available information, this 
brief chapter cannot begin to recapitulate the literature on the many and varied facets 
of ethanol. For a solid introduction to the history of the use of ethanol as a research 
tool and details on its general absorption, distribution, metabolism, excretion, and 
toxicology, we refer the reader to the informative and interesting chapter in the recent 
edition of Goodman and Gilman [1]. 
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Ethanol is unique among the psychoactive compounds available for human 
consumption: it is widely available, its use is legal and acceptable in many societies, 
and it takes relatively large (i.e., gram) quantities to exert pharmacological and other 
effects. Of all the psychoactive drugs available to humans, ethanol is implicated in 
the greatest number of accidents [2]. Decrements in human psychomotor perfor¬ 
mance appear to be due primarily to ethanol’s effects on cognitive (central) mech¬ 
anisms rather than motor (peripheral) components [2], and tasks that are more 
complex are likelier to be affected by small doses. The consensus is that ethanol 
causes deterioration in driving skills at or below blood alcohol concentrations of 
0.05 g/100 ml and that such impairment increases significantly as these levels 
increase [2]. 

Perhaps importantly, the psychotropic effects of ethanol change along a dose 
continuum; thus, it can be classified as a stimulant, an anxiolytic, a sedative, a muscle 
relaxant, a euphoriant, and a general anesthetic that can cause coma and death if a 
large enough dose is given. While many of these effects would, for other drugs, be 
considered “therapeutic effects,” the only recognized clinical use of systemically 
administered ethanol is the treatment of poisoning by methyl alcohol or ethylene 
glycol. Dehydrated ethanol might also be used via proximal injection to destroy 
nerves or ganglia to relieve long-lasting pain related to trigeminal neuralgia, inop¬ 
erable cancer, etc. [1]. 

Ethanol is primarily a central nervous system (CNS) depressant; however, 
“behavioral disinhibition” as a result of the effects of ethanol on some brain 
areas/functions is often interpreted as “stimulation.” Some researchers [3] have 
presented convincing evidence that, at low doses and soon after exposure, ethanol 
acts along a continuum of stimulation leading to depression. The observations 
supporting this thesis [4] show that, in rats trained to discriminate pentobarbital from 
amphetamine using a two-choice lever-pressing procedure, ethanol produced a 
greater number of amphetamine-appropriate responses than pentobarbital-appropri¬ 
ate responses when testing occurred within 15 min of exposure. Tests on humans 

[4] show that relatively low doses of ethanol (0.33 g/kg) can actually enhance 
performance in reaction time and visual search tasks: the results of these tests showed 
that accuracy was improved while response speed was not affected. Still others report 

[5] that the dose of ethanol is important, with memory facilitation occurring at low 
doses but impairment predominating at moderate to heavy doses. In addition, the 
effects of ethanol on memory may be different on the ascending arm, as opposed 
to the descending arm, of the blood alcohol curve. 

Chronic exposure to ethanol can lead to tolerance, physical dependence, and 
alcoholism, and a number of animal models have been developed to study aspects 
of these important consequences of continued ethanol exposure [6]. When such 
exposure occurs during pregnancy, offspring can suffer teratological outcomes in 
the form of the fetal alcohol syndrome (FAS) or the fetal alcohol effects syndrome 
(FAES). Prenatal ethanol exposures in animal models have been shown to produce 
data in good congruence with respect to qualitative endpoints observed in humans 
[7, 8]. The focus of this chapter, however, is to present information on the acute — 
rather than chronic — effects of ethanol on the function of the CNS. 
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Because of the disruptive and debilitating effects of ethanol on a multitude of 
cognitive functions in animals, acute ethanol intoxication is used as a model of 
amnesia in which the effects of antiamnestic compounds are assessed [9, 10]. 
Generally, animals are treated with significant doses of ethanol (e.g., 2.0 g/kg) prior 
to training in a variety of tasks in which ethanol disrupts aspects of learning, and 
then potential antiamnestic agents are given concomitantly to determine whether the 
effects of ethanol can be attenuated [9]. In addition, the involvement of specific 
anatomical substrates in ethanol-induced amnesia have been explored [11], with the 
hippocampal formation being strongly implicated. Ethanol has been shown to affect 
specific neurotransmitter levels (i.e., reduced glutamate levels in the dorsal hippo¬ 
campus), and such changes sometimes have strong relationships with alterations in 
important aspects of cognitive function such as spatial memory deficits [11]. 

BEHAVIORAL EFFECTS IN ANIMAL MODELS 


Relevance 

The metabolism of ethanol by a variety of animals (e.g., squirrel monkeys) is 
generally similar to that of humans [12]. In addition, the effects of ethanol on similar 
behaviors — such as eye tracking — are similar in both monkeys and humans [13]. 
Thus, animal models can provide relevant information about specific effects of 
ethanol that might be expected to manifest in humans. This is particularly true when 
the tasks utilized are appropriate for use in both the animal models and humans [14,15]. 

Mechanism(s) of Action of Ethanol 
Subjective Effects: Drug Discrimination Studies 

While the cellular/receptor mechanisms underlying ethanol’s effects on neuronal 
function can be studied in vitro using a variety of neurotransmitter-receptor binding 
techniques, its psychoactive properties provide opportunity for extensive assessment 
using whole-animal models. Psychoactive compounds are thought to produce rela¬ 
tively specific interoceptive cues to which both human and animal subjects can 
attend. Both animals and people can be trained to make a specific response (e.g., 
press the rightmost of two response levers) in the presence of one drug (e.g., ethanol) 
and another response (press the leftmost lever) in the absence of that drug or in the 
presence of another drug. Once reliable responding has been established (the correct 
lever for the given drug condition is selected a high percentage of the time), then 
the ability of other compounds to substitute or generalize to the training drug(s) can 
be assessed. Such drug-discrimination studies have proved invaluable in providing 
insight into the neural substrates via which centrally acting drugs exert their effects. 
In addition, data obtained from drug-discrimination studies in animals have been 
found to be in good accord with those obtained in humans, in that findings are 
qualitatively similar across species and that potency relationships are quantitatively 
similar between most, but not all, other species and humans [16, 17]. Thus, data 
obtained from animal studies can be relevant to the human condition. 
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In rats trained to discriminate ethanol or pentobarbital from the “no drug” 
condition, both drugs substituted for each other, thus demonstrating the similarity, 
if not equivalence, of the internal or interoceptive cue of both agents and, thus, the 
mechanism of action. However, rats could also be trained to discriminate each drug 
from the other, demonstrating that the two drugs do differ in their interoceptive cues 
[18]. Other studies in rats showed that low doses of ethanol (0.10 g/kg) substituted 
more for amphetamine than pentobarbital, while higher doses of ethanol (0.20 g/kg) 
substituted for pentobarbital [3]. These results demonstrate that there are dose- 
dependent effects on different neurochemical systems and that biphasic effects can 
be observed. In squirrel monkeys trained to discriminate ethanol from saline, several 
ethanolic drinks (bourbon, gin, beer, vodka, and red wine) and both pentobarbital 
and barbital substituted for ethanol, whereas morphine did not [19]. Thus, ethanol 
shares properties with a variety of ethanolic drinks but not with the opiate, morphine. 
Interestingly, several other ethanolic drinks (cognac, scotch, and tequila) engendered 
a response different from that of ethanol, suggesting differences salient enough from 
the training dose of ethanol (1.6 g/kg) to be detected by some subjects. In novel 
drug-discrimination experiments in rats examining the early “excitatory” phase of 
ethanol’s “subjective” effects (i.e., 6 min after administration) and the later or 
“sedative” phase (30 min after administration), it was demonstrated that the mu- 
opiate-receptor antagonist naloxone significantly attenuated discrimination of etha¬ 
nol’s excitatory stimulus effects but not its sedative effects [20]. These data clearly 
indicate that the behavioral effects of ethanol are complicated and vary as a function 
of time after exposure. 

Opioids 

In studies to explore the potential role of endogenous opioid systems in the discrim¬ 
inative stimulus of ethanol, a series of opioid antagonists was administered to rats 
trained to discriminate ethanol from saline [21]. Of the two mu-opioid-receptor 
antagonists tested (naloxone and cyprodime), only naloxone — and only at a high 
dose — partially, but significantly, antagonized the ethanol cue; cyprodime was 
without effect. The delta-opioid-receptor antagonist naltrindole and the kappa-opi¬ 
oid-receptor antagonist norbinaltorphimine were both without effect in altering the 
ethanol cue; thus, it appears that, at most, the ethanol interoceptive stimulus is 
minimally dependent on its interaction with endogenous opioid systems. 

Dopamine and Serotonin 

In rats trained to discriminate ethanol from saline, a variety of dopaminergic and 
serotonergic agonists and antagonists were used to explore the involvement of these 
two systems in ethanol’s effects [22]. None of the dopaminergic treatments utilized 
had an effect on the ethanol discrimination, but several 5-HT agonists (quipazine, 
5-MeODMT [5-Methoxy-Nn-Dimethyltryptamine], buspirone, and 8-OH-DPAT 
[8-Hydroxy-2-di-n-propylamino-tetralin]) engendered intermediate ethanol-like 
responding, and the 5-HT IB-receptor agonist TFMPP (l-(3-trifluoromethylphenyl) 
piperazine) completely substituted for ethanol. In experiments designed to further 
explore the role of 5-HT receptors in the ethanol stimulus [23], the researchers used 
four 5-HT agonists with different selectivity for 5-HT1A, 5-HT IB, and 5-HT2C 



Animal Models and the Cognitive Effects of Ethanol 


53 


receptors to determine their ability to generalize to ethanol. The most selective 
5-HT1B agonist tested (CGS 12066B [7-trifluoromethyl-4(4-methyl-l-piperazinyl) 
pyrnol [l,2-a]-quinoxaline dimaleate]) completely substituted for 1.0 g/kg ethanol, 
but not for higher training doses. The 5-HT1B/2C agonist mCPP (M-Chlorophenyl- 
piperazine) also substituted for the 1.0-g/kg training dose but not for higher training 
doses. The 5-HT1 A/IB agonist RU-24969 substituted for all training doses of ethanol 
(although not to as great a degree for the highest training dose of 2.0 g/kg), and the 
5-HT1A agonist 8-OH-DPAT did not substitute for any training dose of ethanol. 
The upshot of these studies is that agonists with 5-HT1B activity produce effects 
similar to those of relatively low (1.0 g/kg) and intermediate (1.5 g/kg) training 
doses of ethanol but not higher doses. 

In studies to explore the role of 5-HT3 receptors in the mediation of the intero¬ 
ceptive stimulus of ethanol in rats, Stefanski et al. [24] administered the 5-HT3 
antagonists tropisetron and ondansetron, but they were unable to antagonize the 
ethanol cue. In addition, the 5-HT3-receptor agonist l-(m-chlorophenyl)-biguanide 
did not generalize to ethanol. These data argue against a strong role for the 5-HT3 
receptor in subserving the stimulus properties of ethanol. 

Gamma-Aminobutyric Acid (GABA) 

In mice trained to discriminate ethanol from saline, the inhalants toluene, halothane, 
and TCE (1,1,1,-trichloroethylene) and the benzodiazepine oxazepam all substituted 
for ethanol [25]. Thus, a gaseous anesthetic, some abused solvents, and an anxiolytic 
share behavioral effects with ethanol, and all of these compounds have been shown 
to produce pentobarbital-like discriminative stimulus effects, suggesting that these 
agents have a common mechanism of action at GABA receptors [26]. In later studies 
[27], it was further demonstrated that the volatile anesthetics desflurane, enflurane, 
isoflurane, and ether all produce ethanol-like discriminative stimuli in mice, further¬ 
ing the tenet that these agents are all ethanol-like in their effects. In rats trained to 
discriminate either pentobarbital, ethanol, diazepam, or lorazepam from the no-drug 
condition, substitution experiments indicated that two pregnanolone-derived neuro¬ 
active steroids generalized completely to pentobarbital, ethanol, and diazepam but 
not lorazepam. These data indicated that endogenous steroids exhibit properties that 
are consistent with sedative/anxiolytic activities and that these effects are likely 
mediated through a nonbenzodiazepine GAB A-A site [28]. 

In rats trained to discriminate ethanol or gamma-hydroxy butyrate (GHB) from 
water, both compounds were found to substitute completely for the other, albeit only 
over a narrow dose range [29]. Thus, at least under circumscribed doses, the mech¬ 
anisms subserving the discriminative stimuli for each compound appear to be shared 
extensively. 

In studies in monkeys trained to discriminate pentobarbital from saline, ethanol 
was found to generalize to pentobarbital, demonstrating that the ethanol and barbi¬ 
turate internal cues are similar in the primate. In addition, it was shown via isobo- 
lographic analyses that the effects of pentobarbital and ethanol were dose additive, 
not synergistic [30], suggesting that the same receptor was involved in the effects 
of both agents. In rats trained to discriminate ethanol, dizocilpine (MK-801, a 
noncompetitive inhibitor of the N-methyl-D-aspartate [NMDA] subtype of glutamate 
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receptor), and water in a three-choice drug-discrimination paradigm, it was demon¬ 
strated that the GABA-A mimetics (modulators) allopregnanolone, diazepam, and 
pentobarbital all substituted completely for ethanol, whereas phencyclidine (PCP, a 
noncompetitive inhibitor of the NMDA-receptor complex) substituted completely 
for dizocilpine. Neither RU-24969 (a 5-HT1A/1B agonist) nor TFMPP (a 5-HT1B 
agonist) completely substituted for either ethanol or dizocilpine. RU 24969 partially 
(~60%) substituted for ethanol. Thus, these data showed that it is possible to tease 
out the involvement of the NMDA system in ethanol’s discriminative stimuli even 
while GABA-A receptor mechanisms remained involved [31]. 

Glutamate 

MK-801 was shown to have ethanol-like stimulus properties in rats [32, 33], con¬ 
firming similar observations in pigeons and bolstering the premise that part of the 
ethanol interoceptive cue is mediated by blockade of the NMDA-receptor complex. 
In rats trained to an NMDA discrimination, ethanol failed to antagonize the NMDA 
cue and did not substitute fully for either the competitive NMDA antagonist NPC 
12626 or the noncompetitive antagonist phencyclidine (PCP); a maximum of about 
50% PCP-appropriate responding indicated partial substitution [34]. It was con¬ 
cluded that ethanol’s effects on NMDA discrimination were distinct from competitive 
antagonists but similar to those of noncompetitive antagonists. 

Further support for the involvement of the NMDA receptor in mediating the 
interoceptive ethanol cue comes from generalization studies in rats whereby MRZ 
2/579, a novel uncompetitive NMDA-receptor antagonist [35], dose dependently 
generalized to the ethanol cue. Bienkowski et al. [36] showed that in rats trained to 
discriminate 1.0 g/kg ethanol from saline, dizocilpine and CGP 37849 (another 
competitive NMDA-receptor antagonist) substituted partially, and CGP 40116 (a 
competitive NMDA-receptor antagonist) and the active D-stereoisomer of CGP 
37849 completely substituted for ethanol. These same authors [37] assessed the 
ability of N-methyl-D-aspartate and D-cyloserine (a partial agonist at the glutamate 
binding site) to antagonize the discriminative stimulus of ethanol. Neither compound 
antagonized the ethanol interoceptive cue in the rat, indicating that at least some 
agonists at the NMDA receptor do not block ethanol’s discriminative stimulus. 

Ethanol is known to be a potent inhibitor of the NMDA receptor in a variety of 
brain areas. Patch-clamp recordings from cells in culture have shown that ethanol 
does not appear to interact with NMDA at either the glutamate recognition site of 
the receptor or at any of the known modulatory sites such as the polyamine or glycine 
site [38]. Ethanol does not cause blockade of open ion channels and does not interact 
with magnesium ions at the site where Mg 2+ causes open channel block. Molecular 
biological techniques have shown that the ability of ethanol to inhibit responses to 
NMDA is dependent on the subunit makeup of the NMDA receptor, with the 
NR1/NR2A and NR1/NR2B combinations being preferentially sensitive to inhibition 
by ethanol [38]. Chronic exposure to ethanol increases the number of NMDA 
receptors and facilitates the receptor function, which is thought to cause withdrawal- 
related seizures after cessation of exposure [38]. 

In further studies on the pharmacology of the ethanol-discriminative stimulus 
in rats, Bienkowski et al. [39] assessed the effects of compounds from another class 
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of NMDA-receptor antagonists: glycine-, strychnine-insensitive receptor (glycine B 
site) antagonists. The generalization of the selective glycine B site antagonists, 
L-701,324 and MRZ 2/576, and memantine (a noncompetitive antagonist at the 
NMDA-receptor ion-channel site) were assessed in animals trained to discriminate 
ethanol from saline. Memantine and L-701,324 substituted for ethanol, whereas 
MRZ 2/576 produced only half-maximal (~50%) ethanol-appropriate responding. 
Glycine did not antagonize the ethanol stimulus. Thus, it appeared that glycine-, 
strychnine-insensitive site antagonists may induce some ethanol-like stimuli in rats. 
However additional studies indicated that neither the glycine antagonists L-701,324 
or MRZ 2/502, the polyamine-site antagonist arcaine, nor the polyamine-site ligand 
spermidine substituted for ethanol [40]. These authors also demonstrated dose- 
dependent generalization of the NMDA-receptor ion-channel blockers dizocilpine, 
memantine, and phencyclidine (PCP) as well as the sigma 1-receptor antagonists 
(+)-pentazocine and (+)-N-allyl-normetazocine (NANM) to ethanol. Thus it appears 
that some of the acute effects of ethanol are mediated via both NMD A receptors 
and sigma 1-binding sites. 

Using compounds thought to inhibit the release of glutamate (lamotrigine and 
riluzole), it was demonstrated that lamotrigine but not riluzole substituted for the 
ethanol discriminative stimulus in rats [41]. The authors suggested that the noted 
difference between these two compounds to generalize to ethanol was likely due to 
the ability of lamotrigine, but not riluzole, to inhibit voltage-gated calcium channels. 

Calcium Channels 

In rats trained to discriminate ethanol from water, the L-type calcium channel 
antagonist isradipine was found to block ethanol discrimination in a dose-dependent 
manner [42]. It was also demonstrated that isradipine completely and dose-depen- 
dently inhibited the ethanol cue in a two-choice maze procedure, whereas the 
dopaminergic antagonist haloperidol did not [42]. Thus, these data argue for a role 
of L-type calcium channels in the ethanol interoceptive cue. 

Acetylcholine 

It has been shown in rats that neither nicotine nor the nicotinic acetylcholinergic-receptor 
antagonist, mecamylamine, substituted for ethanol and that mecamylamine did not 
antagonize the ethanol stimulus [43]. Therefore it seems unlikely that the neurotrans¬ 
mitter acetylcholine plays a significant role in the ethanol-discriminative stimulus. 

System Interactions 

Given that a preponderance of the literature suggests an involvement of both GABA- 
A and NMDA receptors in the ethanol discriminative stimulus, subjects were trained 
to discriminate a combination of the GABA-A agonist, diazepam, and the NMDA 
antagonist, ketamine, from vehicle [44]. In animals so trained, diazepam and 
ketamine both generalized completely to the mixture, and ethanol was almost com¬ 
pletely substituted. These findings were taken to indicate that simultaneous GABA- 
A agonism and NDMA antagonism produce a greater ethanol-specific discriminative 
stimulus than activation of either component individually. 

Recently, it has been demonstrated that several neuroactive steroids are potent 
modulators of a number of membrane receptors, including GABA-A, NMDA, 
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5-HT3, and sigmal receptors. To further explore the pharmacology of these 
compounds, drug-discrimination procedures in rats were used to assess the gener¬ 
alization of pregnanolone to a variety of other agents [45]. Neither the opiate agonist 
morphine nor the negative GABA-A modulator, dehydroepiandrosterone, substituted 
for the pregnanolone cue, whereas all of the tested GABA-A-positive modulators 
did; these included allopregnanolone, epipregnanolone, androsterone, pentobarbital, 
midazolam, and zolpidem. Direct GABA-A-site agonists, including muscimol, did 
not generalize to pregnanolone, but ethanol and the sigmal-receptor agonist SKF- 
10047 generalized completely. The NMDA-receptor antagonist MK-801 partially 
substituted, but the 5-HT3 antagonist tropisetron did not. The 5-HT3 agonist SR 
57227A completely substituted for pregnanolone, but another 5-HT3 agonist (m- 
chlorophenylbiguanide) produced only partial substitution. These observations sug¬ 
gest that (a) positive GABA-A modulation, but not direct agonism, confers a dis¬ 
criminative stimulus effect similar to that of pregnanolone and (b) antagonism of 
NMDA receptors and activation of 5-HT3 and sigmal receptors modulate stimulus 
effects similar to the pregnanolone cue. Here, the observation that ethanol general¬ 
ized completely to pregnanolone provided further evidence that the interoceptive 
cue of ethanol likely involves both the GABA-A- and NMDA-receptor systems. 

It was shown that for rats self-administering ethanol, the interoceptive cue was 
mediated by both the GABA-A- and NMDA-receptor systems, as evidenced by the 
ability of both pentobarbital (GABA-A-receptor modulator) and MK-801 or dizo- 
cilpine (a noncompetitive NMDA-receptor antagonist) to completely substitute for 
ethanol in rats trained to discriminate ethanol from saline [46]. 

Anatomy 

The involvement of specific brain areas in the discriminative stimulus properties of 
ethanol has also been explored to some degree with direct application of the non¬ 
competitive NMDA antagonist MK-801 into the nucleus accumbens core (AcbC) 
or the CA1 region of the hippocampus, resulting in complete dose-related substitu¬ 
tion for the ethanol discriminative stimulus in rats [47]. Infusion of MK-801 into 
either the amygdala or the prelimbic cortex (PrLC) did not substitute for ethanol, 
and neither did injection of the competitive NMDA antagonist CPP into the AcbC. 
The direct GABA-A agonist muscimol resulted in full ethanol substitution in a dose- 
related manner when injected into either the AcbC or the amygdala but not the PrLC. 
The findings from these studies support the notion that ethanol’s discriminative 
stimulus properties are mediated centrally by NMDA and GABA-A receptors in 
specific limbic brain regions and point to a strong role for the interplay between 
ionotropic GABA-A and NMDA receptors in the nucleus accumbens [47]. 

In rats, stimulation of GABA-A receptors in the nucleus accumbens (by local 
infusion of muscimol) results in full substitution for the ethanol discriminative 
stimulus. Blockade of GABA-A receptors in the amygdala (by local infusion of 
bicuculline) attenuates the ability of GABA-A agonism in the nucleus accumbens 
to substitute for the ethanol cue [48]. Thus, it would appear that the ethanol-like 
stimulus effects of GABA-A agonism in the nucleus accumbens are modulated by 
GABA-A-receptor activity in the amygdala. 
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Summary of the Discriminative Stimulus Properties of Ethanol 

Some authors have postulated that the effects of lower doses of ethanol (<0.5 g/kg 
in rats) are mediated via GABAergic systems; that at intermediate doses (0.75 to 
2.0 g/kg) several other neurotransmitter systems are affected; and that at high doses 
nonspecific effects emerge, probably involving even more neurotransmitter systems 
[49]. A nice summary of the dose dependence of the ethanol interoceptive cue and 
its interaction with the GAB A-A, 5-HT1, and NMDA systems can be found in Grant 
and Colombo [50], who suggest that at a lower ethanol dose of 1.0 g/kg, the 
discriminative stimulus is primarily subserved by GABA-A interaction, which 
decreases with dose such that at 2.0 g/kg, the stimulus is primarily subserved by the 
NMDA system. The 5-HT1 contribution appears to be present to about the same 
degree at several doses: 1.0, 1.5, and 2.0 g/kg [50]. Thus, the 5-HT1 mechanisms 
appear to occur at most doses, whereas GABA-A involvement appears greatest at 
lower doses and NMDA involvement appears greatest at higher doses. A review of 
ethanol’s interactions with a host of neurotransmitter gated ion channels [51] 
describes potential molecular mechanisms that may be relevant to its effects on the 
neurotransmitter systems identified via drug-discrimination studies. 

Effects of Ethanol on Other Aspects of Cognition: 

Attention, Learning, and Memory 

Attention/lmpulsivity 

Assessments of attention are often made using some form of continuous performance 
test (CPT; see Rosvold et al. [52]). This type of test is thought to provide metrics 
of attentional capacity (or vigilance) and requires subjects to respond in a selective 
fashion to a series of stimuli (usually visual in the form of shapes, colors, or lights 
for animals, and numbers or letters for humans) presented rapidly and for very short 
durations (e.g., 500 msec). Generally, subjects must attend to specific stimuli and 
respond accordingly when one is detected. In human tests, subjects might be asked 
to push a response key every time they see an X appear on a monitor. More difficult 
versions might require a response to an X only if it occurs immediately after an O. 
For the rat equivalent, subjects might be required to respond to one of several 
locations every time they detect illumination of a stimulus light at that location. The 
usual measures for this type of task include omission errors (misses), commission 
errors (false alarms), and latencies. Omission errors are thought to indicate deficits 
in attention or vigilance; commission errors are interpreted by many to represent 
aspects of impulsivity, since they are thought to result from anticipatory or incom¬ 
plete processing of stimuli [53]; and response latencies are thought to provide metrics 
of processing requirements, psychomotor speed, or the level of difficulty of the 
discrimination. The application of signal detection analyses to CPT data can also 
provide measures of target stimulus discriminability and other measures such as 
response bias and strategy [53]. 

While research on the effects of ethanol on CPT performance in animals is 
scarce, Rezvani and Levin employed a similar operant visual-signal-detection task 
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to examine the acute effects of ethanol in rats [54]. In that study, ethanol impaired 
performance by decreasing percent correct rejections and percent hits, suggesting 
an effect to impair sustained attention. Data from human CPT studies suggest that 
if the task is of sufficient difficulty, even small doses (=0.035% breath alcohol 
concentration) can produce measurable alterations in task performance. These effects 
include decreased target stimulus discrimination, increased commission errors, and 
changes in response strategies. Such effects have even been noted in the absence of 
significant effects on percent correct detections or response latencies [53]. The 
observed effect of ethanol to increase errors of commission could be interpreted to 
mean that ethanol increases aspects of impulsivity. Along those lines, performance 
under differential reinforcement of low response rate (DRL) schedules has also been 
interpreted by some to yield metrics of impulsivity [55]. For DRL tasks, subjects 
are required to withhold a response — say a lever press for food — for a specific 
duration (e.g., 10 sec). Responding too early resets the time clock so that the 
possibility of reinforcement is delayed by another 10 sec. Treatments that are thought 
to increase “impulsive” behavior would be predicted to cause an increase in the 
number of early responses in this task. Thus, based on the interpretation that ethanol 
increased impulsivity in the 1999 study by Dougherty et al. [53], one might predict 
that ethanol should increase premature responses in DRL tasks. However, Popke et 
al. [56] reported that ethanol, over a wide range of doses, did not increase early 
responses in rats performing a DRL 10- to 14-sec task, and thus the prediction did 
not hold. On the other hand, nicotine did significantly increase premature responding 
in rats performing the exact same DRL task [57], and ethanol significantly enhanced 
this effect. Whether DRL responding can provide insight into aspects of behavior 
that somehow inform mechanisms underlying human impulsivity remains to be 
determined, but the findings for nicotine and nicotine plus ethanol are intriguing. 

Conditioning 

In adult rats, acute ethanol administration at 2.0 g/kg disrupts conditioning of a 
visual but not an olfactory discrimination, suggesting that the olfactory system in 
the rat might be much more resistant to chemical effects in this species. In addition, 
the 5-HT3-receptor antagonist MDL 72222 was not able to prevent the disruptive 
effects of ethanol on the conditioning of the visual discrimination, although it did 
ameliorate ethanol-induced hyperlocomotion [58]. Thus, while the effects of ethanol 
to increase locomotor activity appeared to be mediated by serotonergic involvement 
at the 5-HT3 receptor, its effects on visual discrimination (much like its ability to 
produce discriminative interoceptive stimuli, as noted previously) do not appear to 
involve those receptors. 

In a similar study in preweanling (gestational day [GD] 21) rats, it was demon¬ 
strated that ethanol (1.5 g/kg) disrupted visual (brightness) but not olfactory condi¬ 
tioning [59]. These findings in young animals also support the proposition that the 
olfactory system is more resistant to perturbation than the visual system in the rat. 
Because the olfactory system becomes functional at birth, while the visual system 
does not become functional until approximately 15 days of age [59], it is possible 
that the differences in sensitivity noted in these younger animals are simply a 
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reflection of the maturity of the two systems, with the more immature visual system 
being more susceptible to disruption at this age. Alternatively, it could be that because 
the olfactory system is likely so much more important to the rat than the visual 
system, it may be that the olfactory system is much more protected from perturbation 
than is the visual system. 

Learning and Memory 

Learning — the acquisition of new information — is critically important to the 
survival of organisms. A popular learning assessment procedure, the repeated acqui¬ 
sition (RA) of response sequences or behavioral chains [60], has been used in both 
human subjects [61] and animals [14, 15, 62] to repeatedly study learning in the 
same subjects, often for long periods of time. In these procedures, subjects are 
required to learn a new sequence of responses during each test session. Typically, a 
panel containing several response manipulanda (levers, press plates, response keys, 
etc.) is presented to the subject, and the subject must acquire (learn) a specific 
sequence of responses to obtain reinforcers (typically food for animals; money, 
credits, or other secondary reinforcers for humans). The correct sequence of 
responses changes such that subjects must learn new response sequences during 
every test session. In many RA studies, performance components alternate with 
acquisition components within the same test session. In the performance component, 
the correct response sequence is invariant (does not change from session to session), 
and responding in this component serves as a control for the motoric and motivational 
requirements of the acquisition component, in which the correct response sequence 
changes during each session. Ethanol significantly impairs accuracy (increases 
errors) in the learning component at doses that do not affect responding in the 
performance component [61, 63], suggesting a relatively selective effect of ethanol 
to disrupt active learning or new acquisition while leaving motoric function, moti¬ 
vation, and long-term procedural memory intact. 

Working/Short-Term Memory 

Working memory can be considered to be a type of short-term memory that can be 
described as the moment-to-moment maintenance, monitoring, and processing of 
information [64]. In the laboratory setting, working memory generally refers to the 
capacity to retain information across trials within a test session [65, 66]. Thus, the 
ability of subjects to perform spatial-alternation tasks (i.e., if a left choice was correct 
on one trial, then the right choice will be correct on the next trial) is an indication 
of working-memory integrity. In studies in rats, it has been shown that ethanol 
disrupts accuracy of performance in such tasks at plasma levels that would be within 
the legal limits for people driving cars [67]. It is interesting in this context that these 
authors also found that caffeine potentiated many of the adverse effects of ethanol 
(decreased accuracy) while normalizing other aspects of performance (intertrial 
intervals, length of pausing). 

Working/short-term memory function in animals is typically studied using 
delayed-recall tasks that require subjects to discriminate and “encode” specific 
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stimuli and then use that information to make choice responses that occur later 
(usually over the seconds-to-minutes range). Such tasks often employ visual-dis¬ 
crimination tasks such as delayed matching-to-sample (DMTS) and delayed non- 
matching-to-sample (DNMTS) procedures or position-discrimination tasks such as 
delayed spatial alternation (DSA). In a typical DMTS task, subjects are shown an 
initial or “sample” stimulus, like a red dot. After some period of presentation, or 
when the subject indicates that the stimulus has been observed, the sample is removed 
and a “recall delay” intervenes prior to the presentation of two or more choice 
stimuli, one of which matches the sample stimulus for that trial. A response to the 
choice stimulus that “matches” the sample stimulus is correct. While visual forms 
of this task can be used in a variety of species with good visual acuity, spatial 
versions have been developed for rodent species (e.g., delayed matching or non- 
matching-to-position [68]). 

Other types of tasks also used in the assessment of learning and memory include 
a variety of mazes (e.g., Morris and Cincinnati water mazes [69] and radial arm 
mazes [70], in which subjects are given repeated opportunities to learn how to 
navigate to a goal point or points). 

The basic approach in all of these procedures is to present subjects with infor¬ 
mation (cues, stimuli) that is to be held in working memory and recalled a short 
time later. Efficient encoding of information is thought to be heavily dependent on 
the constructs of attention and vigilance: if subjects are not paying attention to a 
given stimulus, or if they are distracted during the encoding of that stimulus, then 
the likelihood that it will be efficiently encoded is diminished. Over the short term 
(seconds to minutes), generally within a given session, such retrieval is thought to 
be dependent on working memory, whereas recall over longer periods of several 
hours and beyond is thought to be dependent on consolidation of more-permanent 
or long-lasting memory. For the purposes of discussion here, we will be focusing 
more on the acute effects of ethanol on short-term rather than long-term-memory 
issues. 

Correct choice responding at zero or very short recall delays (1 to 2 sec) is 
thought to be a good metric of processes associated with attention/encoding; if choice 
accuracy is good, then encoding obviously occurred with efficiency. As recall delays 
are increased, then processes associated with working memory or retrieval are 
thought to play increasingly important roles in performance. The slope of the percent- 
correct choice versus recall-delay curve is taken to represent a quantitative aspect 
of working memory or memory retrieval; the intercept of this line with the y-axis 
(zero recall delay) is thought to represent primarily attentional or encoding processes. 
Thus, it can be envisioned that a drug or chemical could change the intercept (affect 
encoding/attention) but not alter the slope of the line (have no effect on rate of 
memory decay). Alternatively, if the intercept is unaffected by treatment but the 
slope is altered, then it could be posited that attention/encoding processes remained 
unaffected but that working memory/retrieval processes were affected. If both the 
intercept and the slope are altered, then all processes might be affected. 

To examine the effects of ethanol on working memory in rhesus monkeys, Mello 
[71] utilized a titrating delayed-matching-to-sample (TDMTS) task, in which the 
recall delay increased or decreased as a function of a subject’s prior performance 
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accuracy. While it was noted that performance accuracy decreased with increasing 
ethanol doses, working memory did not appear to be selectively impaired. That is, 
error frequency did not increase as a function of recall delay interval; errors generally 
clustered at the shorter delays, with animals performing accurately at longer delays, 
even with blood alcohol levels of >200 mg/100 ml. These observations support the 
notion that ethanol affected attentional/encoding processes to a greater degree than 
working memory/retrieval. In further support of this possibility, the findings of Melia 
and Ehlers [72] in 1989, obtained from squirrel monkeys performing a conditional 
discrimination task (correctness of choice dependent on the presence or absence of 
a conditional stimulus [sphere]), showed that the primary effects of ethanol were to 
decrease the discriminability of the stimuli-controlling behavior. This conclusion 
was based on a signal-detection analysis of their data and the demonstration that 
ethanol caused dose-related decreases in choice accuracy that were accompanied by 
decreases in the sensitivity of subjects to discriminate the stimuli in the absence of 
any response bias [72]. These findings are also in accord with those reported for 
humans, where ethanol caused dose-dependent declines in sensitivity of subjects to 
stimuli in a recognition task, with no accompanying change in response bias [73]. 

In other studies in monkeys (.Macaca mulatto), it has been demonstrated that 
accuracy of recall was affected at a dose of ethanol (0.5 g/kg) that was lower than 
that needed (1.0 g/kg) to affect reaction times [74]. These same authors demonstrated 
that several aspects of eye movement (frequency of saccades; fixation periods [dura¬ 
tions]; saccade excursion, velocity, and duration) are affected in a dose-dependent 
fashion, with several measures showing effects at relatively low doses (0.25 g/kg). 
These results were interpreted to mean that ethanol selectively affects cerebral 
substrates associated with visual attention [75]. However, subsequent studies in rats 
performing a delayed spatial-matching task showed that low doses of ethanol (0.25 
and 0.50 g/kg) actually decreased the rate of forgetting [76]. Thus, processes asso¬ 
ciated with working memory or recall were clearly not adversely affected by ethanol 
at doses that affected attention or encoding. 

In studies focusing more on aspects of long-term memory and consolidation 
processes, it was found that rats given high doses of ethanol (3 g/kg) immediately 
after training in either a shuttle (active) avoidance procedure or an inhibitory (pas¬ 
sive) avoidance procedure performed no differently than controls when tested days 
later [77]. These results suggest that ethanol does not interfere with consolidation 
of short-term memory into long-term memory. 

In a nonspatial visual matching-to-sample procedure in rats [78], it was deter¬ 
mined that ethanol decreased both the ability of subjects to detect or respond to 
“sample” visual stimuli (decreased vigilance, attention, or encoding) and to retain 
information over time (caused a working-memory deficit). In addition, it was found 
that local infusion of ethanol directly into the medial septal area caused a selective 
decrease in choice accuracy as a function of recall delay without a concomitant 
decrement in sustained attention [78]. Thus, in this case, the medial septum appears 
to play an important role in working memory. 

In an eight-arm radial-maze delayed test of working/short-term memory, rats 
were treated with ethanol prior to beginning their daily sessions. After entry into 
four of the eight arms, they were provided either a 15-sec or a 1-h delay prior to 
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entry into the fifth arm. Ethanol was found to significantly impair recall at the 1-h 
delay but not the 15-sec delay [79], suggesting a disruption of short-term memory 
but not working memory. 

Comparative Sensitivities of Different Cognitive Functions 
to the Effects of Ethanol 

In rodent studies in which subjects performed a battery of food-reinforced operant 
behavioral tasks designed to simultaneously model a variety of complex brain func¬ 
tions, it was shown that ethanol selectively impaired aspects of cognition at doses 
that did not affect the ability of subjects to respond. The battery of tasks [56] 
consisted of: 

1. A temporal-response differentiation (TRD) task to assess time perception 

2. A differential reinforcement of low response rate (DRL) task to assess 
time perception and response inhibition/impulsivity 

3. An incremental repeated acquisition (IRA) task to monitor learning 

4. A conditioned position responding (CPR) task to assess auditory, visual, 
and position discrimination 

5. A progressive ratio (PR) task to assess appetitive motivation 

For the TRD task, subjects had to hold a response lever down for a minimum 
of 10 sec but no more than 14 sec. For the DRL task, subjects had to withhold 
responding (lever press) for at least 10 sec but not more than 14 sec. For the IRA 
task, subjects had to learn a new sequence of lever presses during each session, 
where sequence lengths were incremented from easy (press the correct one out of 
three levers) to increasingly difficult (up to six correct lever presses required to 
complete the response chain) as subjects demonstrated mastery of the easier 
sequences. For the CPR task, subjects had to respond on a left lever after presentation 
of a low-frequency tone or a low-intensity visual stimulus and on a right lever after 
presentation of a high-frequency tone or a high-intensity visual stimulus. For the 
PR task, subjects had to increase the amount of work (number of lever presses) 
emitted for each subsequent reinforcer: the first food pellet “cost” one lever press, 
the second cost two, the third cost three, and so on. 

The most alcohol-sensitive behaviors in the battery were the DRL (time percep¬ 
tion and response inhibition/impulsivity), CPR (auditory and visual discrimination), 
and PR (motivation) tasks, all of which were significantly disrupted by the same 
dose of ethanol (1.5 g/kg). The TRD (time perception) task was significantly affected 
as the dose of ethanol was increased, but the IRA (learning) task was never signif¬ 
icantly affected over the dose range tested (up to 3.0 g/kg). Thus, it appears that at 
doses of ethanol that affect motivation to respond for food, the ability to inhibit 
responding (i.e., to maintain “impulse” control) as well as sensory discrimination, 
time perception, and active learning capabilities remains unaffected, with learning 
function seemingly the most resilient to disruption by ethanol. Reports in human 
subjects have also indicated that time perception is not significantly affected by 
ethanol [80]. In an excellent summary of the ethanol sensitivity of a variety of tasks 
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in a variety of species including humans, Newland [81] has shown that tremor- and 
response-duration measures in monkeys are some of the most sensitive, showing 
effects at blood concentrations as low as -0.3 mg/ml. In contrast, learning tasks, 
eye tracking, and driving simulations in humans require blood alcohol concentrations 
of ~0.8 to 1.2 mg/ml. 

Age-Related Differences in Sensitivity to Ethanol 

Given that in vitro administration of ethanol inhibits synaptic activity and plasticity 
more potently in hippocampal slices from immature rats than in older rats, studies 
were conducted in whole animals (rats) to determine whether the effects of ethanol 
on the acquisition of spatial memory (using a Morris water maze) were also age 
dependent [82]. It was found that pretreatment with ethanol significantly impaired 
spatial-memory acquisition in adolescents but not adults. Interestingly, ethanol did 
not impair the acquisition of nonspatial memory in either adolescents or adults, 
demonstrating the increased sensitivity of spatial memory in younger animals [82]. 
In later studies it was also demonstrated that rats exposed to bingelike alcohol 
episodes as adolescents exhibited enhanced susceptibility (compared with animals 
exposed as adults to alcohol binges) to the memory-impairing effects of alcohol 
when tested as adults [83]. In studies in which ethanol was given after training 
sessions in an odor-discrimination task, it was found again that, relative to adults, 
memory in adolescent rats is more strongly disrupted than that of adults. Here, 
ethanol was given after training to avoid confounding the effects of ethanol on 
memory with those on sensory and motivational influences, which might manifest 
when ethanol is given during training. These findings are of interest because ado¬ 
lescent rats are actually less sensitive than adults to a variety of noncognitive effects 
of ethanol, including hypothermia, muscle relaxation, hypnosis, and lethality [84]. 
These and other observations reviewed in Smith [85] make it clear that the effects 
of ethanol in young or periadolescent animals are not the same as those seen in 
adults, suggesting that younger subjects are more susceptible to the disruptive effects 
of ethanol than adults. 

In yet other studies examining the effects of ethanol on spatial and nonspatial 
memory in adolescent and adult rats — in this case using an appetitive, dry (sandbox) 
maze — it was shown that nonspatial acquisition was unaffected by ethanol at either 
age, but that spatial acquisition was disrupted in adults but not adolescents. The 
authors of this study postulated that “the adolescent-associated development of 
stress-sensitive regions involved in spatial learning may have contributed to the 
differences observed between” their study [86] and the earlier study [82]. 

Environmental and Other Influences on the Effects of Ethanol 

It has been demonstrated under a variety of circumstances that the effects of ethanol 
are influenced by the environment and other factors. For example, under conditions 
where patterns and rates of lever pressing are strictly controlled by the scheduling 
of reinforcements around these responses, ethanol increases low rates of responding 
while decreasing high rates of responding in the same subjects [87, 88]. Others have 
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demonstrated that the effects of ethanol can depend not only on the ongoing rate of 
a particular behavior, but also on the context in which the behavior occurs and the 
behavioral history of the subject [89, 90]. In addition, genetic differences can influ¬ 
ence the effects of ethanol. For example, it is well known that ethanol can serve as 
a positive reinforcer in a variety of animal species and that it is self-administered 
by many [91]. Genetic differences, however, can be important with respect to the 
ability of ethanol to serve as a positive reinforcer, as evidenced by its ability to 
engender self-administration [90]. For example, studies in alcohol accepting (AA) 
and alcohol nonaccepting (ANA) mice have shown that ethanol readily serves as a 
reinforcer in AA mice but not in ANA mice. If genetic differences can influence the 
ability of ethanol to serve as a reinforcer, then it follows that genetic differences 
might also influence the effects of ethanol on other aspects of CNS function. These 
observations are critically important because, if they are not taken into consideration, 
interpretation of findings from seemingly easily interpretable behavioral studies can 
be easily confounded. 


OVERVIEW 

Ethanol clearly interacts with a variety of neurotransmitter systems, affecting dif¬ 
ferent functional and anatomical systems to varying degrees. These effects depend 
on dose, time after administration, age, genetics, and a variety of other influences. 
Depending on the circumstances prevailing at the time of administration, ethanol 
can have seemingly opposite effects, e.g., stimulation versus sedation or performance 
enhancement versus disruption. The preponderance of the data support the propo¬ 
sition that ethanol acts to disrupt important aspects of cognitive function, primarily 
by degrading the discriminability of relevant stimuli. It is unclear at this time whether 
such effects result from or cause decreases in encoding or attentional properties. 
However, it does seem fairly clear that ethanol does not selectively disrupt working 
memory or learning at doses that adversely affect stimulus discriminability, attention, 
or encoding. The observation that important brain functions (such as learning and 
olfactory discrimination in rodents) are relatively insensitive to the adverse effects 
of ethanol suggests that the systems subserving these functions are greatly protected 
from chemical perturbation. 
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Lead is probably the most-studied environmental contaminant with respect to the 
effects of developmental exposure on cognition in children or animal models. It has 
been known since the 1940s that lead poisoning in children can result in permanent 
behavioral sequelae, including poor school performance, impulsive behavior, and 
short attention span [1], that were observations later replicated by other investigators 
[2-4]. Early in the 1970s, deficits in intelligence quotient (IQ), fine motor perfor¬ 
mance, and behavioral disorders such as distractibility and constant need for attention 
were observed in children who had never exhibited overt signs of toxicity [5, 6]. In 
1979 Needleman et al. [7] reported decreased IQ and increased incidence of dis¬ 
tractibility and inattention in middle-class children who had not been exposed to 
lead from paint. 

Early studies of the effects of developmental exposure to lead in animals focused 
on determining deficits on a wide variety of tasks characterizing the constellation 
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of the effects of lead [8]. Exposures in various studies included postnatal, lifetime, 
in utero, or in utero plus postnatal. Researchers also sought to identify a dose or 
body burden that did not produce adverse effects. A series of experiments with 
monkeys in our laboratory documented adverse effects in a group of monkeys with 
peak blood lead concentrations averaging 15 Jig/dl during infancy, with steady-state 
levels over most of the lifespan averaging 11 jig/dl. Animals with lower body burdens 
have apparently not been assessed. The current CDC (Centers for Disease Control) 
“level of concern” is 10 pig/dl for children, although it is clear that there are adverse 
effects on cognition at blood concentrations below 10 Jig/dl [9, 10]. More recently, 
experimental researchers have focused on developing paradigms to explore the 
behavioral mechanisms responsible for the constellation of effects observed in pre¬ 
vious studies; these studies generally used doses that are known to produce robust 
impairment. 

INTERMITTENT SCHEDULES OF REINFORCEMENT 

Intermittent schedules of reinforcement have been used in behavioral pharmacology 
and toxicology for over 50 years. Descriptions of these schedules are available from 
numerous sources (e.g., [11, 12]). Simple schedules such as fixed interval (FI), 
variable interval (VI), fixed ratio (FR), and differential reinforcement of low 
(response) rate (DRL) schedules are acquired reasonably rapidly by animals, and 
performance is similar across species, including humans. The schedule used most 
often in lead research was the FI, presumably because it offers a number of advan¬ 
tages. Although this schedule requires the subject to make only one response at the 
end of a specified (uncued) interval, FI performance is typically characterized by 
an initial pause followed by a gradually accelerating rate of response, terminating 
in reinforcement. The schedule does not differentially reinforce any particular 
response rate (other than no or very low rate of responding) and may therefore be 
sensitive to toxicant-induced differences in the rate of response. In addition, temporal 
discrimination can be examined by measuring the shape of the response pattern 
across the interval (e.g., quarter life or index of curvature). Lower doses of lead 
produced increased response rates on the FI schedule in rats and monkeys [13-21], 
whereas high doses resulted in lower response rates [22, 23]. In general, temporal 
discrimination per se, as measured by the pattern of responses across the interval, 
was not affected by lead (but see Rice [20] and Mele et al. [24]). When a time-out 
(TO) period (during which responses had no scheduled consequences) was included 
in the assessment of performance on the FI, lead exposure resulted in increased TO 
rates of response [18, 19]. 

Attention deficit hyperactivity disorder (ADHD) was associated with increased 
response rates on FI performance in 7- to 12-year-old boys, as well as a “bursting” 
pattern of response produced by a run of closely spaced responses separated by a 
short pause [25]. This pattern was also observed in 3-year-old monkeys exposed to 
lead from birth (Figure 6.1) [18]. Children with ADHD also responded more in the 
extinction (TO) portion of the schedule, as did lead-exposed monkeys. FI perfor¬ 
mance predicted poorer performance on a test of impulsivity in normal children [26, 
27]: children with high response rates and shorter post-reinforcement pause times 
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IRT (SEC) 

FIGURE 6.1 A: Cumulative records for session 10 for the four control (top) and four lead- 
treated (bottom) monkeys on an FI-TO schedule of reinforcement. Each lever press stepped 
the pen vertically; time is represented horizontally. The reinforced response in each FI was 
signaled by a downward deflection of the pen. The pen reset to baseline at the end of each 
TO period. The response rate in both the FI and TO periods is greater than controls for three 
of the four lead-treated monkeys. These monkeys also had a different pattern of response: 
they responded in bursts, causing the record to appear “steplike.” B: Interresponse time (IRT) 
absolute frequency distribution histograms for control (top) and lead-treated (bottom) mon¬ 
keys for session 7. Responses were divided into 100-msec bins, with all IRTs over 7 sec 
eliminated from the figure. The lead-treated monkeys in general had a much higher absolute 
frequency of short IRTs and a distribution skewed toward shorter IRTs. (Taken from Rice, 
D.C. et al., Toxicol. Appl. Pharmacol., 51, 503, 1979. With permission.) 
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chose a smaller immediate reinforcer rather than a larger but delayed reinforcer. 
This was interpreted as evidence of impulsive behavior in the children with ADHD. 
Thus the FI schedule has numerous important advantages: equipment and computer 
programming required for the FI schedule (and other simple intermittent schedules) 
is minimal compared with more complicated testing procedures, acquisition of 
performance is relatively rapid, FI performance is similar across species, the FI 
schedule is sensitive to changes induced by lead (and other contaminants), and FI 
performance is predictive of performance on a test of impulsivity. 

In contrast to the FI schedule, the DRL schedule requires a specified time 
between responses for reinforcement; responding before the specified time resets 
the contingency. Therefore the DRL schedule punishes failure of response inhibition. 
The DRL schedule also proved sensitive to developmental lead exposure. For exam¬ 
ple, DRL performance was assessed in groups of monkeys in which increased rates 
of response on the FI had been observed. The schedule required the monkey to space 
consecutive responses at least 30 sec apart to be reinforced. Monkeys with peak 
blood lead levels of 100 pg/dl and steady-state levels of 40 Jig/dl exhibited a higher 
number of nonreinforced responses, a lower number of reinforced responses, and a 
shorter average time between responses over the course of the experiment than 
control monkeys [28]. Performance on this DRL schedule was also examined in a 
group of monkeys having steady-state blood lead levels of 11 or 13 jig/dl [29]. Lead- 
treated monkeys were able to perform the DRL task in a way that was indistinguish¬ 
able from controls. However, they learned the task at a slower rate, as measured by 
the increment in reinforced responses and decrement in nonreinforced responses 
over the course of the early sessions. Increased rates of response [30] and increased 
frequencies of responses emitted close together (short interresponse times) [31 ] have 
been reported in rats performing on a DRL schedule with no previous exposure to 
intermittent schedules. Postnatal blood lead concentrations are also associated with 
failure to inhibit responding on a DRL schedule in 9-year-old children (Paul Stewart, 
personal communication). 

Effects of lead were examined on schedules similar to the DRL that assessed 
temporal discrimination. Response duration performance was assessed on a task in 
which rats exposed to lead beginning at weaning were required to depress a lever 
for at least 3 sec to be reinforced [32]. Lead-treated rats depressed the lever for a 
shorter time than controls. In addition, introduction of a tone signaling the 3-sec 
interval was effective in improving performance of control but not treated rats. Infant 
monkeys exposed to lead in utero , with maternal blood lead concentrations of 61 or 
72 jig/dl for two dose groups, were tested on a task in which responses were required 
to be emitted after 10 sec but before 15 sec had elapsed (a DRL with a limited hold 
contingency) [33]. Treated infants did not make premature responses (before 10 sec) 
but rather had an increased number of failures to respond before 15 sec. These 
results, observed at relatively high lead exposure, were similar to the decreased 
behavioral output observed on FI at high blood lead levels. However, there may also 
be a differential sensitivity of prenatal versus postnatal exposure. 

The fixed ratio (FR) schedule requires the subject to emit a fixed number of 
responses to be reinforced and typically generates a high response rate. This schedule 
appears to be less sensitive to lead-induced changes than is the FI. Low doses of lead 
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sometimes resulted in increased rates of response, often transiently, whereas higher 
doses decreased response rates. This was true for both rats [22, 34, 35] and monkeys 
[19, 36]. Unfortunately, performance on this schedule had apparently not been 
assessed in lead-exposed children. 

In summary, the DRL task proved sensitive to lead exposure in both animals 
(rats and monkeys) and humans. FI performance was affected by lead in reproducible 
ways in animals in numerous studies. FI performance in children with ADHD was 
virtually identical to that in lead-treated animals, including a “bursting” response 
pattern. Performance on an FI schedule predicted performance on a relatively more 
complicated test of impulsivity in children. Therefore, it appears that these simple 
intermittent schedules predict important sequelae of lead exposure in children. 

LEARNING 

Developmental lead exposure was associated with decreased IQ in numerous studies 
[37]. Deficits in reading, math, spelling, language, and other academic skills were 
associated with increased childhood lead exposure [38-43]. Deficits in color naming 
were also associated with increased blood lead concentrations [44]. It is difficult to 
determine the degree to which poor performance in school is the result of learning 
deficits as opposed to attentional or other deficits in cognitive or sensory function. 
The experimental literature may help to elucidate the various behavioral mechanisms 
responsible for impaired cognitive functioning in children. 

Deficits in acquisition of tasks (learning) have been demonstrated in experimen¬ 
tal studies on a variety of tasks. Perhaps the simplest of these is visual discrimination. 
Rats exposed to a very high dose of lead (1000 mg/kg to the dam) during gestation 
and lactation were impaired on both a brightness and shape discrimination in a 
water-escape T-maze [45]. Lead-exposed rats had shorter swim times, and the authors 
suggested that the increased errors in the lead-treated group might result from a 
failure to attend to relevant discriminative cues, a hypothesis for which there would 
be substantial support in later studies. 

Sheep exposed to lead in utero at maternal blood levels of 34 jig/dl (but not at 
18 pg/dl) were assessed on a series of nonspatial visual discrimination tasks [46]. 
The first five discrimination problems were form discriminations and the sixth was 
a size discrimination. The lead-treated sheep were only impaired on the sixth prob¬ 
lem, which was also the most difficult for the control group. It may be that the lead- 
exposed sheep were impaired on the last problem simply because it was difficult; 
alternatively, it may have been because the relevant stimulus dimension was changed 
from form to size. Similarly, rats exposed to lead prenatally were not impaired on 
a visual discrimination problem that was easy for control rats (vertical vs. horizontal 
stripes), whereas these lead-exposed rats were severely impaired on a difficult dis¬ 
crimination (bigger vs. smaller circle) [47]. As in the study in sheep, the discrimi¬ 
nation that was the more difficult for controls also changed stimulus dimension from 
line orientation to size. These two studies provided a preview of two findings that 
would be consistently observed in later studies: difficult tasks are more sensitive to 
lead-induced impairment than easier ones, as are studies in which there is a change 
in the relevant stimulus-response class. 
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A strategy adopted early in the research on the developmental effects of lead 
was the introduction of two additional requirements to the visual discrimination task: 
the requirement for reversal performance on an already-learned discrimination task 
and the addition of irrelevant cues. In a discrimination reversal task, the formerly 
correct stimulus becomes the incorrect one, and vice versa. This task requires 
extinction of the previously learned response and the learning of a new (opposite) 
one. These requirements presumably make cognitive demands not required by the 
initial acquisition of the discrimination task. The introduction of irrelevant cues 
assesses reasoning and attentional processes, as well as providing the opportunity 
to change relevant stimulus dimension, further taxing cognitive abilities. 

In the nonspatial version of the discrimination reversal task, the relevant stimulus 
dimension is form or color, for example, rather than the position of stimuli. Typically, 
the subject is required to perform a series of such reversals. This allows the degree 
of improvement in performance across reversals to be assessed, which is indicative 
of how quickly the subject learns that the rules of the game change in a predictable 
pattern. Nonspatial discrimination reversal performance was impaired by postnatal 
exposure in rhesus monkeys tested during infancy [48] and cynomolgus monkeys 
tested as juveniles [49]. Cynomolgus monkeys with blood lead levels of 15 or 25 
jig/dl during infancy and steady-state levels of 11 or 13 jig/dl were impaired on a 
series of nonspatial discrimination reversal tasks with irrelevant cues as juveniles 
[50]. Lead-treated monkeys were not impaired on the acquisition of any of the three 
tasks; however, they were impaired over the set of reversals of a form discrimination, 
which was their introduction to a discrimination reversal task, and on a color 
discrimination with irrelevant cues, their introduction to irrelevant cues. Analysis of 
the kinds of errors made by treated monkeys revealed that they were attending to 
irrelevant cues in systematic ways, either responding on or avoiding a particular 
position or stimulus. This suggests that lead-treated monkeys were being distracted 
by these irrelevant cues to a greater degree than controls, which may have been 
responsible at least in part for their apparent learning deficit. 

In a subsequent study on possible sensitive periods for deleterious effects pro¬ 
duced by lead, monkeys were exposed to lead either continuously from birth, during 
infancy only, or beginning after infancy [51]. Lead levels were about 30 to 35 pg/dl 
when monkeys were exposed to lead and given access to infant formula, and 19 to 
22 jig/dl when monkeys were dosed with lead after withdrawal of infant formula. 
These monkeys were tested as juveniles on the same nonspatial discrimination 
reversal tasks described above. Both the group dosed continuously from birth and 
the group dosed beginning after infancy were impaired over the course of the 
reversals in a way similar to that observed in the study discussed above, including 
increased distractibility by irrelevant cues. The higher exposure levels in this study 
were reflected in impairment on all three tasks, whereas in the previous study lead- 
treated monkeys were impaired on only the first two tasks. The group exposed only 
during infancy was unimpaired on these tasks. In addition, the group dosed contin¬ 
uously from birth was impaired in the acquisition of the task in which irrelevant 
cues were introduced; there were no other impairments in acquisition. 

Performance on spatial discrimination reversal tasks, analogous to the nonspatial 
discrimination reversal tasks already described, also proved sensitive to disruption 
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by developmental lead exposure. A subset of the monkeys in the Bushnell and 
Bowman study [48], in which effects on both spatial and nonspatial discrimination 
reversal had been found during infancy, exhibited impairment on a series of spatial 
discrimination reversal tasks with irrelevant color cues at 4 years of age, despite the 
fact that lead exposure had ceased at 1 year and blood lead levels at the time of 
testing were at control levels. 

In the group of monkeys with stable blood lead levels of 11 or 13 pg/dl discussed 
above [50], deficits were also observed on a series of three spatial discrimination 
reversal tasks, the first one with no irrelevant cues and the subsequent two with 
irrelevant cues of various types [52]. Treated monkeys were impaired relative to 
controls over the series of reversals in the presence, but not in the absence, of 
irrelevant stimuli. Moreover, the lower dose group was impaired only during the 
first task after the introduction of irrelevant cues but not on the second task with 
irrelevant cues, when irrelevant stimuli were familiar. As in the nonspatial discrim¬ 
ination reversal task, there was evidence that lead-exposed monkeys were attending 
to the irrelevant stimuli in systematic ways, suggesting that this behavior was respon¬ 
sible for, or at least contributing to, the impairment in performance. This is also 
suggested by the fact that lead-treated monkeys were impaired in the presence of 
but not in the absence of irrelevant stimuli. In the group of monkeys in which the 
relevance of the developmental period of exposure was being assessed, described 
above [51], spatial discrimination reversal performance was also assessed [53]. 
Treated monkeys were the most impaired over the series of reversals on the first 
task after the introduction of irrelevant cues, although performance was impaired 
on all three tasks. Contrary to the result of the nonspatial discrimination reversal 
task in which the group dosed only during infancy was unimpaired, all three dose 
groups were impaired to an equal degree. These data suggest that spatial and non¬ 
spatial tasks may be affected differentially, depending on the development period 
of lead exposure. 

Deficits on visual discrimination problems have also been observed in the 
absence of the requirement for reversal performance under some circumstances, such 
as high blood lead levels or increased task difficulty. Infant Rhesus monkeys exposed 
in utero to lead, with maternal blood lead levels of 61 to 72 jig/dl for two dose 
groups, were impaired on a three-choice consecutive form discrimination task [33]. 
In this task, one of three possible form stimuli was presented at each trial, and the 
monkey was required to respond to one but not the other two. Lilienthal et al. [54] 
studied the effects of developmental lead exposure on learning-set formation, in 
which a series of visual discrimination problems was learned sequentially. Rhesus 
monkeys were exposed to lead in utero and continuing during infancy at doses 
sufficient to produce blood lead concentrations up to 50 pg/dl in the lower dose 
group and 110 jig/dl in the high dose group. When tested as juveniles, both groups 
of lead-exposed monkeys displayed impaired improvement in performance across 
trials on any given problem, as well as impaired ability to learn successive problems 
more quickly as the experiment progressed. Such a deficit represents impairment in 
the ability to take advantage of previous exposure to a particular set of rules. This 
deficit is reminiscent of the failure of lead-treated monkeys to improve as quickly 
as controls over a series of discrimination reversals. 
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Concurrent discrimination performance was assessed in the group of monkeys 
described above in which the contribution of the developmental period of exposure 
to the behavioral toxicity of lead was explored by exposing them to lead continuously 
from birth, during infancy only, or beginning after infancy [55]. Monkeys were 
required to learn a set of six problems concurrently; after criterion was reached on 
all six pairs, a second set of six was introduced. All three treated groups learned 
more slowly than controls, although monkeys dosed during infancy only were less 
impaired than the other two groups. Treated monkeys were most impaired on the 
first task, upon introduction of a new set of contingencies. In addition, all three 
treated groups exhibited perseverative behavior, responding incorrectly more often 
than controls at the same position that had been responded on in the previous trial. 

Rats exposed to lead via the dam’s milk until weaning at 21 days of age, with 
blood lead levels following 20 days of exposure of 11 (control), 29, or 65 Jig/dl, 
were impaired on the acquisition of a light-dark simultaneous visual discrimination 
(i.e., the discriminative stimuli were presented at the same time) at 120 days of age 
[56]. Treated groups were not impaired on a successive visual discrimination task 
beginning at 270 days of age, nor on what was termed a go/no-go discrimination 
task beginning at 330 days of age. In the successive discrimination, one of two 
possible stimuli were presented in a trial (light on or off), and the rat was required 
to turn left or right in a maze, depending on the stimulus. The go/no-go discrimination 
task was actually an FR 20/extinction (TO) task, in which responses were reinforced 
in the presence of a light but not in its absence. Following acquisition, a reversal 
was implemented in which responses were reinforced only in the absence of light. 
There was a trend toward retarded acquisition of the reversal that did not reach 
statistical significance. Because performance on the three tasks was tested at such 
different ages, it is impossible to know whether the tasks were differentially sus¬ 
ceptible to disruption by lead or whether the effects of lactational exposure to lead 
were at least partially reversible. 

Olfactory discrimination reversal was examined in rats exposed to lead during 
gestation and lactation, or during lactation only (two doses) [57]. Blood lead levels 
at weaning were very high: 130 to 160 Jig/dl. Rats performed three reversals fol¬ 
lowing initial acquisition. There were no differences in the total number of errors 
to criterion for the initial acquisition or the three reversals despite the high blood 
lead levels. However, analysis of error pattern during different phases of the acqui¬ 
sition of the reversals revealed differences between treated and control groups. 
Groups were not different during the initial phase of the reversal, in which responses 
were made predominantly to the previously rewarded stimulus. This was termed the 
“perseverative phase” by the authors. Subsequent performance was divided into a 
“chance” phase, a “postchance” phase (between 63 and 88% correct), and the “final” 
phase. The “postchance” phase was significantly longer for the treated groups. 
“Response bias” was defined as 12 or more successive responses on the same lever. 
The group exposed gestationally and lactationally exhibited response bias by this 
strict criterion, as well as more lenient criteria of strings of five or eight responses. 
(Note that in discussion of results from our laboratory, “perseveration” for position 
is defined as all additional incorrect responses after the first, a quite different defi¬ 
nition, and less strict than the definition of lever bias by Garavan et al. [57].) The 
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authors argue that the increased errors in the postchance phase are the result of lever 
bias and “impaired ability to associate cues and/or actions with effective conse¬ 
quences.” 

Similar results were found over a series of five olfactory discrimination reversals 
in rats exposed from conception onward with blood lead concentrations of 28 or 51 
jig/dl [58]. Lead-treated groups were also impaired on an “extradimensional shift” 
task immediately following the olfactory reversal task, in which olfactory cues were 
present but the relevant stimulus domain was spatial (left or right odor-delivery port). 
These results are reminiscent of results in monkeys on discrimination reversal tasks 
in which the relevant stimulus dimension was changed. However, the results of this 
study are less straightforward, since treated groups were still impaired on the last 
reversal of the olfactory task. In the monkey studies, groups did not differ over a 
number of reversals before the shift. 

In a study of the siblings described in the previous paragraph [59], rats exposed 
chronically to lead beginning prenatally were tested on a three-choice visual dis¬ 
crimination task as adults. Blood lead concentrations were 26 and 51 Jig/dl both at 
birth and during adulthood in the two treated groups. Performance was analyzed 
during the “chance phase” and “postchance phase,” the latter defined as the point at 
which percent correct was greater than 46% in a session. Treated groups required 
more trials to criterion for both the chance and postchance phases. The authors 
interpreted the results as indicative of an associative deficit, although deficits in 
attentional processes may be involved. It is interesting that rats were impaired over 
the entire course of the reversal in the visual discrimination but not the olfactory 
discrimination tasks. In contrast to humans, rats rely more heavily on the olfactory 
system than the visual system for information about the environment. (Rats have 
keen olfactory capabilities and rather poor spatial vision.) Therefore, the olfactory 
discrimination task may be more “natural” for them than visual discrimination tasks. 

An intermittent schedule of reinforcement was used to examine the ability of 
squirrel monkeys exposed in utero to lead to change response strategy in response 
to changes in reinforcement density [60]. Monkeys whose mothers had blood lead 
levels of 21 to 79 pg/dl were tested at 5 to 6 years of age on a concurrent random 
interval-random interval schedule, in which two random interval (RI) schedules 
operated separately on two levers. (On an RI schedule, reinforcements are available 
at unpredictable times, but with some average time such as 15 sec.) Reinforcement 
densities were varied across the experiment in such a way that the left or right lever 
was programmed to produce a greater reinforcement density. Under steady-state 
conditions, monkeys exposed in utero to over 40 Jig/dl lead in maternal blood were 
insensitive to the relative “payoff’ on the two levers, and exhibited lever bias 
(responding on a favorite lever irrespective of schedule contingencies). When the 
relative reinforcement densities on the levers changed, control monkeys gradually 
switched their responding pattern to the appropriate ratio (e.g., 70% right, 30% left). 
In contrast, performance of these lead-exposed monkeys changed slowly, not at all, 
or in the wrong direction (Figure 6.2). Monkeys whose mothers had lower blood 
lead concentrations learned to apportion their responses appropriately, but they 
learned at a slower rate than controls. The results were interpreted as “insensitivity 
to changing reinforcement contingencies” (p. 6) and “insensitivity to changes in the 
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FIGURE 6.2 Representative transitions showing behavior change subsequent to a change in 
the reinforcement densities on the two levers for a control monkey (top) and lead-exposed 
monkey (bottom) on a concurrent RI-RI schedule. The ordinate is relative response rates on 
the left lever. The thin line shows programmed relative reinforcement rates. Open circles show 
obtained relative reinforcement rates on the left lever (left-lever reinforcers divided by all 
reinforcers). Filled circles show obtained relative response rates on the left lever, and the thick 
line is a smoothed (using Lowess smoothing) version of these data. Transition behavior was 
smooth for the unexposed monkey but pathological for the lead-exposed monkey. (Taken from 
Newland, M.C. et al., Toxicol. Appl. Pharmacol ., 126, 6, 1994. With permission.) 
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consequences of behavior” (p. 11). These results are consistent with results on other 
tasks, described above, in which lead-treated animals persisted (perseverated) in 
nonadaptive response patterns, seemingly unresponsive to changing environmental 
contingencies or the consequences of their own behavior. 

The effect of lead exposure was assessed in a visual discrimination reversal task 
in 6- to 15-year-old children [61]. Pairs of twins discordant for blood lead concen¬ 
trations were tested on a size discrimination task and one reversal. Average blood 
lead concentrations were 30 to 50 pg/dl for the lower-lead twins and 43 to 80 pg/dl 
for the higher-lead twins. The higher-lead twins had a lower percentage of correct 
responses and made more errors reaching a criterion of 100 correct responses. The 
testing time required was only 20 minutes. These results suggest that effects in 
animals are congruent with those in children on this task, and that this task might 
be a useful addition to testing paradigms in children. 

The Cambridge Neuropsychological Testing Automated Battery (CANTAB) was 
used to assess cognitive function in 5.5-year-old children in relation to average 
lifetime blood lead concentrations [62]. This battery is a computer-based set of 
cognitive tests, including tests of attention, spatial and nonspatial memory, and 
executive function. Blood lead concentrations were associated with poorer perfor¬ 
mance on “intradimensional” and “extradimensional” shift. In this task, the original 
discrimination required attention to colored (filled) shapes. Following acquisition, 
a reversal for shape was instituted (intradimensional shift). Irrelevant stimuli (white 
lines) were then introduced. The stimulus class was then changed from filled shapes 
to white lines (extradimensional shift). This task is virtually identical to the non¬ 
spatial discrimination reversal task with irrelevant cues assessed with monkeys, and 
the congruence of effects in children and animal models is reassuring. 

The evidence for learning impairment in animals exposed to lead is extensive, 
and the conditions under which it occurs are relatively well characterized. Lead 
exposure may produce impairment on acquisition on difficult discriminations or at 
higher lead levels. The requirement to reverse a previously learned discrimination, 
a change in the stimulus dimension or response class, or the introduction of novel 
stimuli (irrelevant cues) all may result in impaired performance, even at low blood 
lead concentrations. Lead-exposed children were also impaired when required to 
shift stimulus dimension [62]. However, most studies in children have used endpoints 
that were a terminal result of learning (school performance) or a compilation of a 
number of processes, including various types of learning (IQ). Therefore the exper¬ 
imental literature is more informative than the epidemiological literature in the 
elucidation of the behavioral mechanisms underlying the observed learning impair¬ 
ment produced by lead. 


MEMORY 

In contrast to the substantial evidence for deficits in learning produced by lead 
exposure in animals, interpretation of the studies designed to assess memory is more 
difficult. There is no question that lead produces impairment on such tasks, but 
whether the deficits are the result of impairment in memory is less clear. Rats exposed 
in utero or pre- plus postnatally to lead, with blood lead concentrations of 34 Jig/dl, 
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were impaired on the retention of a size discrimination task 42 days after initial task 
acquisition in the absence of deficits on initial acquisition [63]. Performance in a 
radial arm maze (RAM) was also assessed in these rats. The RAM apparatus con¬ 
sisted of a central compartment with eight alleys radiating from it like spokes of a 
wheel. Food reinforcers were placed in each arm of the maze. Treated groups took 
longer to eat all the pellets during the initial acquisition and a retention task four 
weeks later. However, treated groups were not different from controls on the number 
of arms visited before the first error (i.e., entering an alley already entered), nor did 
lead exposure affect the number of arms visited on the first eight choices. It therefore 
appears that the lead-treated rats exhibited no deficit in spatial memory, although 
they were impaired on retention of the size discrimination task. Lactational exposure 
to lead at levels that produced drastic effects on weight gain and overt signs of 
toxicity also had minimal effect on radial arm maze performance [30]. 

The effects of developmental lead exposure were assessed on performance in 
the Morris water maze [64, 65]. The Morris water maze requires the subject to learn 
the location of a submerged platform to escape submersion in a pool of water. In 
the first experiment, rats exposed to lead throughout gestation and lactation showed 
increased time to find the hidden platform at weaning, but not at 56 or 91 days of 
age. In the second experiment, rats were exposed during gestation and/or lactation 
at three times the dose as the first experiment, resulting in blood lead concentrations 
at weaning of 60 Jig/dl. Performance on the Morris water maze was assessed 
beginning at 100 days of age. Deficits in escape latency and increased swim path 
length were observed in the group exposed prenatally only, but not groups exposed 
pre- plus postnatally or postnatally only, despite the high blood lead concentrations. 
The results of these studies taken together suggest that spatial memory may be 
relatively unaffected by lead exposure in rodents. The Morris water maze may be 
an insensitive test, since normal rats acquire the performance in four to five trials. 
However, the radial arm maze is a more difficult task that has proved sensitive to 
contaminants such as polychlorinated biphenyls (PCBs) [66, 67]. 

A task used in monkeys that is conceptually similar to the radial arm maze is 
the Hamilton Search Task. In this task, a row of boxes is baited with food and then 
closed. The monkey lifts the lids to obtain the food. The most efficient performance 
requires that each box be opened only once, necessitating that the monkey remember 
which boxes have already been opened. Monkeys exposed postnatally to doses of 
lead sufficient to produce blood lead levels of approximately 45 or 90 pg/dl or in 
utero at blood lead concentrations of 50 pg/dl were impaired in their ability to 
perform this task at 4 to 5 years of age [68]. These results were replicated in another 
group of monkeys exposed postnatally to higher lead levels and tested at 5 to 6 years 
of age [69]. However, error pattern was not analyzed, so it is impossible to know 
whether the results are due to a memory impairment per se or a nonadaptive response 
strategy such as perseveration or position bias. 

A task that has proved particularly sensitive to disruption by lead exposure in 
monkeys is the delayed spatial alternation task. In this task, the subject is required 
to alternate responses between two positions; there are no cues signaling which 
position is correct on any trial. Delays may be introduced between opportunities to 
respond in order to assess spatial memory. Rhesus monkeys exposed to lead from 
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birth to 1 year of age, with peak blood levels as high as 300 Jig/dl and levels of 90 
jig/dl for the remainder of the first year of life, were markedly impaired on this task 
as adults [68]. Delays between 0 and 40 sec were assessed within each session; a 
greater deficit was observed at shorter rather than longer delay values. This indicates 
that the poorer performance of the lead-exposed monkeys was not the result of a 
memory impairment, but rather some type of associative deficit. 

In our laboratory, increasingly longer delays were introduced over successive 
sessions in adult monkeys from two studies, those with steady-state blood lead levels 
of 11 or 13 jig/dl [70] and the groups in which potential sensitive periods were 
assessed (dosed during infancy only, beginning after infancy, or continuously from 
birth [71]). In contrast to the study discussed above, the task included a “correction” 
procedure, such that if the monkey responded incorrectly on a button, a correct 
response on the opposite button was required before the alternation schedule 
resumed. Sessions consisted of 100 correct trials; thus each incorrect response 
extended the session. All treated groups in both studies were impaired on the 
acquisition of this task because of indiscriminate responding on both buttons. Treated 
monkeys were impaired at the beginning of the experiment (short delays), unim¬ 
paired at intermediate delay values, and increasingly more impaired at the 5- and 
15-sec delays. In the study assessing sensitive periods, all three lead-exposed groups 
were impaired to an approximately equal degree, as was the case on the spatial 
version of the discrimination reversal task, thus providing further evidence of a lack 
of sensitive period for lead-induced impairment on spatial tasks. In addition, treated 
monkeys in this latter study responded more during the delay periods than did 
controls, indicating failure to inhibit inappropriate responding. However, analysis of 
error pattern revealed that this was not responsible for the increased number of errors 
in the treated group. Treated monkeys in both studies also displayed marked persev¬ 
eration for position, responding on the same position repeatedly, in some instances 
for hours at a time (Figure 6.3). Because of the marked perseverative behavior 
displayed by some treated monkeys, it was actually not possible to assess memory 
capabilities at the 5- and 15-sec delay value. Memory impairment certainly does not 
account for the poor performance of the treated groups in these experiments. 

Spatial delayed alternation performance was examined in rats with chronic 
postweaning exposure to lead, with blood lead levels of 19 and 39 pg/dl in the two 
treated groups [72]. Testing began at 52 weeks of age. Lead-treated groups were not 
impaired in the acquisition of the alternation task. Following acquisition, delays of 
0, 10, 20, or 40 sec were presented within each session. Treated groups exhibited 
an impairment of constant magnitude across all delays, suggesting that the perfor¬ 
mance deficit was not the result of memory impairment. Exploration of error pattern 
revealed that the higher dose group exhibited position bias. Analysis of the error 
pattern with respect to the effect of the actual delay time consequent to the rat 
responding during the delay (which reset the time) and the influence of whether the 
previous response had been correct or incorrect revealed no lead-related differences. 
The observed position bias is consistent with effects in monkeys observed on a 
number of tasks, including spatial delayed alternation. 

Improved performance on delayed alternation was observed in young and old 
rats but not in rats exposed as adults [73]. The training procedure in this study 
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FIGURE 6.3 Top: Session length and number of incorrect responses on a delayed spatial 
alternation task in monkeys for all sessions at the 15-sec (longest) delay. Each point represents 
the geometric mean for the dose group: <control; % low dose; = high dose. Bottom: Sample 
cumulative records for the 15-sec delay for each of the treatment groups. Each response 
stepped the top pen upward. Each correct response is indicated by a downward deflection of 
the top pen; each incorrect response by a downward deflection of the lower pen. The control 
record is of average length, indicated by the top pen returning to baseline. The other two 
records represent only a small part of a single session, since a session consisted of 100 correct 
trials. Treated monkeys exhibited marked perseveration on a preferred position. (Taken from 
Rice, D.C. and Karpinski, K.F., Neurotoxicol. Teratol ., 10, 207, 1988. With permission.) 
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consisted of many sessions of a cued alternation procedure; i.e., the rat had only to 
respond on the lever associated with a cue light as it alternated between positions 
from trial to trial. The authors interpreted the improved performance of the lead- 
treated groups as perseveration of the alternation behavior as a result of the extensive 
training procedure. 

A delayed matching to sample task was used to assess both spatial and nonspatial 
memory in a group of monkeys with preweaning blood lead values of 50 pg/dl and 
postweaning values of 30 pg/dl [74]. In the nonspatial version of the task, one of 
three colors appeared on a sample button on which the monkey responded a specified 
number of times, which turned off the stimulus and initiated a delay. After a delay 
period, one of the three colors appeared on each of the three test buttons, and the 
monkey was required to respond on the button corresponding to the sample color. 
Colors were balanced for position and correct choice across trials. For the spatial 
version, one of the three test buttons was lit green; response on that button a specified 
number of times turned it off and instituted a delay. Following the delay, all three 
buttons were lit green, and the monkey was required to respond on the sample 
position. The nonspatial task was assessed twice, with the spatial task in between. 
For the first assessment of the nonspatial task and spatial task, a series of sessions 
with increasing constant delays from 1 to 32 sec was instituted. Following the 
constant-delay sessions, a series of variable-delay sessions was instituted on each 
task, consisting of a short delay and increasingly long delays to determine the value 
at which performance reached chance. Lead-exposed monkeys were impaired on 
both the spatial and nonspatial versions of this task. They were not impaired in their 
ability to learn the matching tasks or at 0-sec delay. On the constant-delay sessions, 
treated monkeys had poorer overall performance than controls on the spatial but not 
the nonspatial task. On the variable-delay schedules, lead-exposed monkeys reached 
chance performance on the nonspatial task at shorter delays than controls the first 
time it was tested. When performance on the nonspatial task was assessed the second 
time, there was no overlap in the delay value at which chance performance was 
reached (Figure 6.4). The delay at which chance performance was reached in the 
spatial variable-delay sessions was marginally significant. Treated monkeys were 
not different from controls on the short delay in the variable-delay sessions. 

Investigation of the error pattern revealed that for the nonspatial matching task, 
lead-exposed monkeys responded incorrectly on the position that had been responded 
on correctly on the previous trial. This type of behavior may be considered to 
represent perseverative behavior and is reminiscent of the perseverative errors in 
other groups on delayed alternation. On the other hand, it may be considered to be 
the result of increased distractibility by irrelevant cues by lead-treated monkeys, 
similar to the increased attention to irrelevant cues displayed in the discrimination 
reversal tasks. (These interpretations are not mutually exclusive.) This behavior is 
at least partly responsible for the poorer performance at long delays observed in 
lead-treated monkeys on the nonspatial matching-to-sample task, although other 
mechanisms may also play a part. The lack of interference from previous trials on 
the spatial version of the task, however, may indicate a pure deficit in spatial short¬ 
term memory. The fact that lead-exposed monkeys were not impaired at 0-sec delay 
or on the short delays on the variable-delay tasks, but reached chance performance 
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FIGURE 6.4 Delay value at which control (C) and lead-treated (T) monkeys performed at 
chance levels on a nonspatial delayed matching-to-sample task (A) and the ratio of incorrect 
responses made on the button that had been responded to correctly in the previous trial (B). 
Each symbol represents an individual monkey. These results suggest that perseveration for 
position interfered with performance in lead-exposed monkeys. (Taken from Rice, D.C., 
Environ. Health Perspect ., 104, 337, 1996, and from Rice, D.C., Toxicol. Appl. Pharmacol ., 
75, 337, 1984. With permission.) 

at shorter delay values, provides evidence overall for a deficit in memory in these 
monkeys. The deficit across the constant-delay sessions of the spatial task, on the 
other hand, may be a consequence of the change in relevant stimulus dimension 
from nonspatial to spatial. 

Assessment of spatial learning and memory in the rat revealed an interesting 
pattern of errors responsible for the overall poorer performance of lead-treated 
subjects [75]. Rats were exposed to lead in drinking water beginning at weaning, 
with blood lead concentrations of 25 and 73 jig/dl, and tested beginning at 55 days 
of age on a task with two components. The repeated acquisition component of the 
schedule required the rat to learn a new sequence of lever presses every day. In the 
performance component, the rat was required to perform the same sequence of lever 
presses during every session. Significant impairment of performance was observed 
on the repeated acquisition component but not on the performance component in 
lead-exposed rats compared with controls. Analyses of error patterns revealed that 
the decrease in the percent of correctly completed sequences in lead-treated rats on 
the repeated acquisition component was the result of specific types of perseverative 
behavior. 
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Apparently little attention has been paid to the effects of lead on memory in 
epidemiological studies. Exploration of the effects of lead on working memory in 
children can be included as part of a battery of cognitive tests, such as an assessment 
of IQ. However, scores on various subtests of standard IQ tests (e.g., Digit Span) 
were often not reported in epidemiological studies of the effects of lead. The Cali¬ 
fornia Verbal Learning Test (CVLT) and Story Recall were assessed in the Boston 
prospective cohort at 10 years of age [76]. There was little evidence of effect on 
either test. Blood lead levels of the children at 24 months of age were marginally 
associated with poorer performance on Digit Span in the Wechsler Intelligence Scale 
for Children - Revised (WISC-R). Digit span score on the WISC-III was associated 
with concurrent blood lead concentrations in 7.5-year-old children [77], whereas 
lead was not associated with deficits on story memory or verbal learning. However, 
performance on Digit Span reflects attentional and higher-order sensory processes 
at least as much as it does memory. 

Deficits as a function of lead exposure in children were observed on two tests 
of spatial memory on the CANTAB battery [62]. One test was logically equivalent 
to the Hamilton Search Task, described above, in which impairment was observed 
in lead-exposed monkeys [68, 69]. In the other task, the child was required to 
remember the sequence in which stimuli (boxes) changed color on the computer 
screen. The sequence varied from trial to trial. This task is logically equivalent to 
the repeated acquisition task on which deficits were observed in lead-exposed rats 
[75]. 

It is difficult to draw conclusions concerning the congruence of effects of lead 
on memory in animals and humans. Memory has been little explored in children, 
and most tests employed relied on language and assessed encoding and higher-order 
auditory processing rather than memory per se. In animals, perseverative responding 
to position and interference from responses on previous trials were observed in a 
number of studies in various tasks, and were responsible for, or at least contributed 
to, the poorer performance by lead-exposed animals. In addition, lead-treated animals 
were impaired to an equal degree across all delay values in some studies, suggesting 
a deficit other than memory impairment. Perhaps the strongest evidence for impaired 
memory is the results of the delayed matching to sample task in monkeys, in which 
treated monkeys were not impaired at short delays but reached chance performance 
at shorter delays than controls. However, the overall evidence for memory deficits 
produced by lead in experimental studies is not compelling. 

ATTENTION 

Nonadaptive behavior in children has repeatedly been interpreted as deficits in 
attention in human studies. Increased lead body burden was associated with increased 
inattentiveness, distractibility, impulsivity, and lack of persistence on teachers’ and 
parents’ rating scales [7, 41, 42, 77, 78]. Impairment on the “learning” studies in 
animals described above may result at least in part from deficits in attentional 
processes. The increased systematic response to irrelevant cues on discrimination 
tasks may reflect attentional deficits. Inability to inhibit responding, such as on the 
DRL task, may also represent a type of attention deficit. However, responding during 
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delays on trial tasks was observed in some circumstances but not others. For example, 
in the delayed alternation task in which some lead-treated monkeys perseverated on 
the same response button for hours at a time, no increase in delay responses was 
observed at lower blood lead concentrations [70], and delay responses did not 
contribute to the increased error rate at higher blood lead concentrations [71]. 
Perseveration has also been interpreted as indicative of attentional impairment [75, 
79]. 

The deficits in ability to change response strategy in response to new schedule 
contingencies, observed in the monkey studies, may also be considered to represent 
an attention deficit. For example, a task that has been used in lead-exposed children 
is the Wisconsin Card Sort Test (WCST). This task is logically equivalent to the 
discrimination reversal task with irrelevant cues used in monkeys, in that it requires 
the ability to extract general rules and change response strategy. In this task, correct 
responses depend on generalizing whether the relevant domain is color, number, or 
shape. The investigator can change the relevant stimulus class at any time; the subject 
must infer the rule by whether a series of responses is correct or incorrect. Errors 
on the WCST are considered to test ability to shift attention, which is considered 
one of the factors in at least one theoretical framework of attention [80, 81]. Increased 
total and perseverative errors at 10 years were related to 57-month blood lead 
concentrations in the Boston prospective study [76], and perseverative errors were 
related to dentine lead levels in the first or second grade in 19- and 20-year-olds 
[82]. An increased number of errors was also observed on the WCST in a study of 
246 7.5-year-olds; perseverative errors were not different after control of confounders 
[77]. These results are similar to those observed in monkeys, in which the lead- 
exposed groups made more errors than controls in initial reversals within a set of 
reversals, and responded more than controls to previously relevant stimuli when the 
relevant stimulus domain was changed [50, 51]. 

The effects of lead on sustained attention in children were explored in a number 
of studies using reaction time tasks, either on a simple reaction time task, in which 
the subject is asked to respond as quickly as possible to a single stimulus, or on a 
vigilance task, in which the subject is required to respond to a target stimulus and 
refrain from responding to others. Stimuli are presented at variable intervals, and 
the task is sufficiently long to require sustained attention. Increased reaction times 
were observed in groups of children with blood lead concentrations of 17, 24, or 35 
pg/dl compared with those with average lead levels of 7.4 jig/dl [42, 83], as well 
as at higher blood lead concentrations [84], with the greatest impairment occurring 
at a 12-sec compared with a 3-sec delay, and at the end of the task compared with 
the beginning. Increased reaction time compared with controls was also observed 
on a simple reaction time task in a group of 20-year-olds with a history of lead 
exposure as children [85]. In contrast, no effect on simple reaction time task was 
observed in the group of monkeys exposed to lead from birth, with preweaning blood 
lead values of 50 jig/dl and steady-state blood lead levels of 30 pg/dl, when they 
were adults [86]. Reaction times of lead-treated monkeys did not differ from those 
of controls over a number of delay values, although treated monkeys exhibited an 
increased incidence of holding the bar longer than the maximum 15 sec allowed. 
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They were also able to react as quickly as controls when required to respond as 
quickly as possible. 

Performance on a vigilance task was assessed in two cohorts of German children 
[87-90]. Two different signal presentation rates (approximately 1 to 2 sec) were 
used. Correct responses, false hits (errors of commission), and failure to respond to 
correct stimuli (errors of omission) were analyzed. In the first study [88, 90], there 
was an indication of an effect in the absence of an effect on the German WISC-R 
as a function of tooth lead in 9-year-old children. In a subsequent study in 6- to 9- 
year-old children, a robust effect was observed [87]. Effects were greater at the 
higher signal rate. As in the previous study, there was a greater effect on errors of 
commission than on errors of omission. These results have been replicated using 
the same device in a population of Greek children with higher blood lead levels 
[84]. In a later study by the German group [91], 384 6-year-old children were 
assessed on components of the Neurobehavioral Evaluation System 2 (NES2), 
including simple reaction time, pattern memory, and a vigilance task, in addition to 
IQ on the WISC. Increased errors of omission and commission were related to 
increased blood lead levels (geometric mean = 4.25 pg/dl), even after controlling 
for IQ. No effect was observed on simple reaction time or the memory task. Sustained 
attention on a vigilance task was assessed using either visual or auditory stimuli in 
the study of 7.5-year-old children [77]. An increased number of incorrect responses 
was observed as a function of increased blood lead levels in the visual but not 
auditory version of the task, with no increase in errors of commission. (Errors of 
omission were apparently not measured.) In a study in first-graders in Denmark, 
performance was marginally associated with dentine lead levels [92]; errors of 
commission showed a greater correlation than errors of omission. In contrast, Bell¬ 
inger et al. [82] found no effect in 19- or 20-year-olds on reaction time or on errors 
of commission or omission related to dentine levels in childhood. 

Vigilance performance was studied in rats exposed to lead beginning at weaning, 
with blood lead concentrations of 16 or 28 pg/dl [93]. The low-dose group made 
more errors of commission during sessions with long or variable interstimulus 
intervals, whereas the high-dose group showed an increase in errors of commission 
only during sessions with long interstimulus intervals. These inconsistent effects 
were interpreted as evidence of no effect of lead on sustained attention. 

Effects of lead exposure were reported on a vigilance task in rats exposed either 
during lactation only (two groups) or during gestation and lactation [94]. Blood lead 
concentrations in all three groups were very high on day 24 (131 to 158 jig/dl for 
the three dose groups), and may have been even higher by weaning at 30 days of 
age. These lead levels were sufficiently high to produce impaired body weight gain. 
Groups did not differ for the percent correct responses or on responses in the absence 
of a stimulus. Treated groups exhibited increased omission errors at stimulus delays 
greater than 0 sec, and on trials following an incorrect response. However, the 
magnitude of effect was modest, despite the very high blood lead levels. 

An FR schedule was used as one component of a study to explore underlying 
behavioral mechanisms responsible for the observation that lead produces inappro¬ 
priate responding on a wide array of tasks [95]. Exposure began at weaning, with 
blood lead concentrations of 11 and 29 pg/dl in the two dosed groups. Rats were 
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trained, after 40 days of exposure, to respond on an FR 50 schedule of reinforcement 
(i.e., 50 responses were required for reinforcement). Following each FR, the rat 
could receive “free” reinforcements for waiting an increasingly long period of time 
(2, 4, 6, etc., sec). Lead-exposed rats exhibited faster response rates on the FR, and 
they waited a shorter period of time in the “free” reinforcement portion of the 
schedule before responding, which initiated another FR. The lead-treated rats actu¬ 
ally received more reinforcements. The results were interpreted as indicative of “an 
inability to manage delays in reinforcement.” It is also possible, however, that the 
pattern of responses of the lead-exposed rats was maintained by the higher rein¬ 
forcement density produced (which the authors acknowledge). The results of this 
study are not necessarily inconsistent with other studies documenting failure to 
inhibit responding by lead-exposed subjects. In fact, the results of this study are 
more difficult to interpret because the response strategy adopted by the lead-exposed 
rats was adaptive rather than nonadaptive or neutral, as in most other studies. 

The effects of lead on sustained attention as measured by simple reaction time 
or vigilance tasks seem inconsistent between humans and animals. Increased 
response time on simple reaction time tasks was observed in children in four studies, 
but not in a fifth study at very low blood lead concentrations and not in monkeys 
at relatively high blood lead levels. However, the monkeys had a substantial history 
of performance on a number of behavioral tasks, such that the simple reaction time 
task may have made minimal demands on attention in such experienced monkeys. 
On vigilance tasks, effects were observed in six studies in children, including one 
with very low lead concentrations, but not in a seventh. Two studies in rats were 
largely negative, including one at high blood lead concentrations. The reason for 
negative effects observed in rats is somewhat unclear. However, the number of 
sessions required to train the task was substantial in both studies. Each study included 
contingencies that resulted in a low rate of stimulus presentation. It may be that the 
extensive familiarity with the task or the low rate of stimulus presentation rendered 
the task insensitive to disruption by lead. 

SENSORY DYSFUNCTION: 

POSSIBLE CONTRIBUTION TO "COGNITIVE" EFFECTS 

It is clear that lead exposure in animals and humans may result in impairment in 
visual and auditory function. An inability to perceive or process sensory information 
would obviously interfere with performance on any particular test. More importantly, 
however, deficits in higher-order sensory processing would make it difficult for the 
child to learn and respond appropriately to the environment. In fact, it is difficult to 
define the point at which deficits in sensory processing may be defined as “cognitive” 
deficits. Whereas there have been studies of first-order sensory function in both 
animals and children, higher-order sensory processing has been studied in very few 
instances in either children or animals. 

Elevated auditory thresholds in the range of speech frequencies were observed 
as a function of increasing blood lead concentrations in children in the Second 
National Health and Nutritional Survey (NHANES) II [96]. A study in Poland 
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documented higher auditory thresholds across a range of frequencies as a function 
of blood lead levels, including blood lead concentrations below 10 jig/dl [97]. 
Monkeys exposed to lead from birth, with blood lead concentrations of 30 pg/dl at 
the time of testing, exhibited impaired detection of pure tones at 13 years of age, 
with the pattern of impairment being somewhat idiosyncratic [98]. A number of elec- 
trophysiological studies in animals demonstrated impairment at various parts of the 
auditory pathway in monkeys and other animals related to lead exposure [99-103], 
although electrophysiological changes have not been universally observed [104]. 

Pure-tone thresholds provide only basic, first-level information concerning audi¬ 
tory function. For example, an individual may have normal pure-tone detection and 
still have difficulty distinguishing speech. Speech generally comprises small but 
rapid changes in frequency and amplitude. Frequency and amplitude difference 
thresholds (i.e., the threshold for detection of a change in frequency or amplitude) 
have been assessed in various animal species, including monkeys and guinea pigs, 
and may be more sensitive to disruption by toxic exposure than pure tone detection 
thresholds [105]. A test that is used clinically to evaluate auditory (language) pro¬ 
cessing is the determination of the infant’s ability to distinguish “ba” and “da” and, 
at a later age, “bi” and “di.” Monkeys can also discriminate human speech sounds. 
In a study with rhesus monkeys, there was evidence that developmental lead exposure 
impaired the ability of young monkeys to discriminate speech sounds (“da” and 
“pa”) based on an electrophysiological procedure [106]. Lead-exposed children are 
impaired on the Seashore Rhythm Test [7, 77], which requires the subject to dis¬ 
criminate whether pairs of tone sequences are the same or different. This is a 
simplified discrimination compared with analysis of speech sounds. Lead-exposed 
children also had a decreased ability to identify words when frequencies were filtered 
out (i.e., when information was missing [107]). Increased lead body burdens were 
associated with impaired language processing on difficult but not easy tasks [108], with 
impairment of the development of word recognition [109], and with impaired auditory 
comprehension [110]. The degree to which the deficits in language development are 
the result of deficits in higher-order auditory processing is unknown. 

Lead also produces deficits in visual function. Altmann et al. [Ill] reported 
changes in visual evoked potentials in a cohort of over 3800 4-year-old children 
with average blood lead concentrations of 42 pg/dl, but no differences in visual 
acuity or spatial contrast sensitivity functions. In a study in infant monkeys with 
very high lead levels (300 to 500 pg/dl), one infant appeared to develop temporary 
blindness [112]. Monkeys exposed to lead during the first year of life with blood 
lead concentrations during exposure of 85 pg/dl, but not those with 60 pg/dl, had 
impaired scotopic (very low luminance) spatial contrast sensitivity at 3 years of age 
[113]. Both spatial and temporal (motion) contrast sensitivity were examined in 
monkeys with lifetime exposure to lead, with steady-state blood lead concentrations 
of 25 to 35 pg/dl [114]. Lead-exposed monkeys exhibited deficits in temporal vision 
at low and middle frequencies under low-luminance conditions, with no other impair¬ 
ments. Lead-induced changes in electrophysiologic responses have also been 
observed in monkeys exposed developmentally to lead, particularly under low- 
luminance conditions [100, 115, 116]. Consistent with these findings, rod function 
was found to be preferentially affected by lead in rats [103]. 
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Only the most basic level of visual function has been assessed in either children 
or animals with respect to potential effects of lead exposure. Half of the primate 
brain is devoted to visual processing, yet neither experimental nor epidemiological 
researchers have explored the effects of lead exposure in higher-order visual pro¬ 
cessing. 

Lead impairs primary sensory function in both animal models and children. The 
only study higher-order function in animals (discrimination of speech sounds) iden¬ 
tified impairment produced by lead. There are also hints from studies in children of 
sensory system impairment. All of the “cognitive” endpoints assessed in children 
require higher-order processing in the visual or auditory systems, including tests of 
memory, attention, executive function, learning, or any other categorization of per¬ 
formance. Yet there has been virtually no exploration of higher-order sensory pro¬ 
cessing in either children or animal models; therefore, the degree to which deficits 
identified as cognitive are actually sensory is unknown. This failure is of considerable 
practical relevance, since intervention strategies may be different depending on the 
actual nature of the deficit. 


CONCLUSIONS 

Lead-induced impairment in learning has been observed in numerous studies in 
animals. Performance on simple discrimination problems is impaired at high blood 
lead concentrations. Introduction of a requirement to shift response strategies 
revealed lead-induced impairment, often in the absence of impairment on initial task 
acquisition. These results suggest that impairment in attentional processes (atten- 
tional shift) underlies the learning deficits, at least in some cases. Deficits in atten¬ 
tional shift were also observed in lead-exposed children. In contrast, the evidence 
for deficits in sustained attention in animals is weak, despite the fact that deficits 
on similar tasks were observed in lead-exposed children. Most studies of effects of 
lead on memory in animals were either confounded by perseveration of various sorts 
or provided evidence for an associative rather than a memory deficit. In fact, a 
number of investigators proposed that one of the effects of lead is a failure to 
associate behavior (response) and the consequences of that behavior. Memory has 
received little attention in epidemiological studies, and the tests that to some degree 
assessed working memory also assessed attention and higher-order sensory pro¬ 
cessing. The effects of lead on intermittent schedules of reinforcement in animals 
predicted performance in lead-exposed children or were consistent with effects in 
children with attentional deficits. Unfortunately, the effects of lead on higher-order 
sensory processing have received scant attention in epidemiological or experimen¬ 
tal studies. It has been known for a couple of decades that lead impairs primary 
auditory and visual function. Nevertheless, the extent to which sensory impairment 
from lead exposure contributes to what is broadly labeled as “cognitive” deficits 
in children remains unknown. 
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Concern regarding human exposure to methylmercury (MeHg) has increased over 
the last several decades. Much of this concern is motivated by a growing public 
awareness of the deleterious and sometimes irreversible effects of MeHg that have 
been noted in human populations and in studies of laboratory animals. MeHg poses 
significant neurotoxic risks that span sensory and motor domains, associated espe¬ 
cially with adult-onset exposures, and cognitive domains, associated with develop¬ 
mental exposure. MeHg’s neurotoxic profile, therefore, is influenced not just by the 
dose, but also by the developmental period of exposure. 

In this chapter, we describe the pattern of effects associated with MeHg exposure 
during development. Data from animal models are emphasized because these models 
provide control over diet, dose, and developmental windows. Animal studies also 
permit linkages to be drawn between the behavioral and neural mechanisms under¬ 
lying MeHg’s behavioral toxicity. It is argued here that such exposure presents a 
specific pattern of effects that can be characterized at the behavioral level as altered 
sensitivity to reinforcing consequences of responding, that is, as a deficit in the 
response-reinforcer relationship. In contrast, discrimination and memorial processes 
are relatively immune to developmental exposure. This pattern of behavioral effects 
corresponds to the pattern of effects seen in neural development after MeHg expo¬ 
sure. The development of cortical structures, as well as of monoamine and gamma- 
aminobutyric acid (GABA) neurotransmitter pathways, is especially sensitive to 
MeHg exposure. 

The overall pattern of neural and behavioral effects points to developmental 
MeHg exposure as a model of how damage to the development of frontal cortical 
areas can have long-lasting behavioral consequences, especially on behavioral tasks 
that emphasize the acquisition of a response-reinforcer relationship, choice, or per¬ 
severation. 


MERCURY FORMS AND SOURCES 

The primary source of human mercury exposure is through the consumption of 
MeHg in contaminated fish. Fish are exposed to mercury that is introduced into the 
atmosphere by the burning of fossil fuels and municipal or medical waste, as well 
as volcanic activity. Mercury eventually deposits into lakes, rivers, and oceans, where 
microorganisms bioconvert elemental mercury to MeHg. At this point, it is intro¬ 
duced into the food web. Large, long-lived predatory fish, certain marine mammals, 
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and terrestrial piscivores bioaccumulate mercury 100,000-fold or more over water 
concentrations [49,112]. Large marine (shark, swordfish, tilefish, and king mackerel) 
and freshwater (bass, trout, and pike) predators contain the highest levels of MeHg. 

Various organizations have estimated the daily intake of mercury (as MeHg) 
that is unlikely to be harmful. Naturally, these estimates depend on the assumptions 
that enter the risk assessment process. The U.S. Environmental Protection Agency 
has estimated that a daily intake of 0.1 pg/kg/day over the course of a lifetime is 
unlikely to be harmful, a risk assessment that was directed at pregnant women with 
the goal of protecting the fetus from undue exposure [49]. The World Health Orga¬ 
nization has recently revised its estimate of how much mercury (as MeHg) is unlikely 
to be harmful downward from about 0.5 pg/kg/day to 0.22 pg/kg/day, with pregnant 
women identified for concern [183]. By way of context, canned albacore tuna 
contains approximately 0.25 ppm of mercury, so the EPA recommendation means 
that about one can of albacore tuna per week can be consumed by a pregnant woman 
without posing a risk to the fetus. The top predators, such as shark and swordfish, 
contain about ten times as much mercury, so intake of these species should be curtailed 
accordingly, if not eliminated altogether. 

Two other forms of organic mercury, ethyl- and phenylmercury, have received 
less scientific attention than MeHg. The limited information available suggests that 
ethylmercury’s neurotoxicity resembles that of MeHg, but their kinetics differ [95, 
113]. Ethylmercury penetrates the adult blood-brain barrier more poorly and is 
eliminated more rapidly than MeHg. Phenylmercury shows even poorer blood-brain 
barrier penetration and more rapid elimination. 

Ethylmercury has received public attention because of claims that its presence 
in thimerosal, a preservative once used in childhood vaccines, contributed to a rise 
in autism [84,114]. Experimentation on the relationship between mercury and autism 
is lacking, so the data pertaining to this issue are largely correlational. A relationship 
between vaccination and autism has been hypothesized based on the coincidence 
between increased vaccination and rises in the rate of autism [12, 62, 69]. However, 
the absence to date of a plausible common mechanism the limited bioavailability of 
ethylmercury, and the absence of a link in large epidemiological studies all suggest 
that the causes of autism lie elsewhere [3, 79, 114]. 

Inorganic mercury presents yet a different spectrum of effects. Mercury vapor 
is especially neurotoxic when inhaled, and the primary source of mercury vapor is 
occupational or, to a lesser extent, dental amalgam. Because of space limitations, 
however, inorganic mercury will not be considered further. 

The extent of mercury toxicity is influenced by many factors: form (mercury, 
MeHg, ethylmercury, dimethylmercury), dose, and duration of mercury exposure; 
route of exposure (inhaled, ingested); age or developmental stage (gestation, devel¬ 
opment, or adulthood); nutrition; exposure to other toxicants; and any other brain 
insults. For example, gestational exposure may result in attentional and sensory 
dysfunction, while adult exposure primarily results in sensory and motor deficits. 
Organic forms of mercury are generally more problematic than inorganic forms. The 
present chapter focuses on developmental methylmercury in animal models that have 
been designed to reflect human exposure. 
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HUMAN EXPOSURES 


Developmental Exposure 

During the mid-20th century, inhabitants around Minamata Bay, Japan, were exposed 
to MeHg by unwittingly consuming contaminated fish. In children born to exposed 
mothers, athetosis and chorea, physical malformations resembling cerebral palsy, 
and signs of developmental retardation were common [99]. Between 1955 and 1958, 
29% of children were born with varying degrees of mental retardation, and up to 
18% of secondary-school students exhibited motor dysfunction in the form of general 
clumsiness and poor dexterity. 

Since the Minamata episode, documented cases of MeHg exposure have 
occurred in Canada, Peru, the Faroe Islands, the Seychelles Islands, New Zealand, 
the Amazon Basin, and Iraq. With the exception of the Iraqi poisoning incident, in 
which exposure was through the consumption of bread made with grain treated with 
MeHg to prevent the growth of fungus, exposure occurred through the consumption 
of contaminated seafood. During some of these outbreaks, data were collected on 
blood, hair, and cord serum mercury levels, and longitudinal investigations into the 
potential effects of exposure on measures of intelligence, scholastic aptitude, and 
cognitive abilities were assessed (e.g., performance on the Boston Naming Test, 
Wechsler Intelligence Test for Children, California Verbal Learning Test). In Iraq, 
prenatal MeHg exposure was linked to delays in reaching developmental milestones 
[110]. The Faroe Islands [73, 74] and New Zealand cohorts [36] indicated that 
prenatal MeHg exposure was associated with difficulties on some measures of 
cognitive function, including the Boston Naming Test, the Wechsler Intelligence 
Scale for Children (WISC), and the California Verbal Learning Test. However, an 
intensive study of the Seychelles Islands cohort [5, 37, 38, 109, 111] failed to 
establish a relationship between any variables. 

Adult-Onset Exposure 

Adult-onset exposure has been associated with sensory and motor impairments, 
constriction of the visual field, numbness or paresthesia, ataxia or other gait disor¬ 
ders, auditory disturbances, motor disturbances, tremor, chorea, athetosis, contrac¬ 
ture, tendon reflex, pathologic reflexes, hemiplegia, hypersalivation, sweating, focal 
cramps, pain in limbs, and mental disturbances in Minamata [78] and the Amazon 
Basin [93]. The “early onset” type of Minamata disease sometimes resolved with a 
reduction in the symptoms following cessation of exposure. 

The Minamata cohort is being tracked as it ages, and the resulting studies have 
revealed that subtle, perhaps subclinical, cases of adult-onset MeHg toxicity can be 
unmasked by aging. Many mild cases of MeHg poisoning in Minamata were over¬ 
looked initially, especially if the symptoms were atypical. Much later, however, it 
was discovered that signs and symptoms could appear after a delay and are exacer¬ 
bated by aging. Thus the delayed-onset Minamata disease sometimes showed pro¬ 
gressively worsening symptoms well after exposure ceased [23, 87]. 
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NUTRITION 

In addition to being the primary source of MeHg exposure in human populations, 
fish are also a major source of important nutrients, including n-3 (omega-3) poly¬ 
unsaturated fatty acids (especially docosahexaenoic acid [DHA]) and selenium [26]. 
This is an important consideration when devising fish advisories based on the 
presence of MeHg. These warnings could backfire by frightening people away from 
eating fish, thereby diminishing consumption of important nutrients [48]. Nutritional 
status may also contribute to the variability in behavioral effects associated with 
MeHg exposure in human populations. For example, the failure to detect effects of 
MeHg exposure in the Seychelles Island population has led to hypotheses that 
improved nutritional status may ameliorate the effects of MeHg exposure [38, 48, 
96]. Stated differently, poor nutrition may unmask MeHg neurotoxicity that would 
otherwise remain undetected. 

Selenium 

Selenium is an element present in rock, soil, water, air, and food. Animals are exposed 
to selenium primarily through food intake. In the U.S. water supply, undetectable 
levels are often noted, but selenium is allowed to reach levels up to 50 ppb [4]. Both 
deficiencies and excesses in selenium intake can lead to adverse effects. The U.S. 
Food and Drug Administration’s recommended daily allowance (RDA) for both men 
and women is 55 pg/day, or approximately 0.8 pg/kg/day (Rayman, 2000). The 
highest intake level should not exceed 5.7 pg/kg/day [4]. 

In the early 1970s, it was reported that selenium taken concurrently with meth¬ 
ylmercury can reduce its toxicity suggesting differential MeHg toxicity associated 
with consumption of various fish species depending on selenium content [68, 188]. 
The reduced toxicity may be because mercury and selenium form a complex, 
bis(methylmercuric) selenide (BMS) [81]. The joint administration of selenium and 
MeHg results in lower selenium concentrations in many organs [89], but higher 
mercury concentrations in blood, liver, testes, and brain [89, 141, 166, 178]. 

In addition, there is evidence that selenium ameliorates some neurobehavioral 
effects of MeHg. It reduces MeHg-related retardation of weight gain and delays the 
onset of signs of neurotoxicity [82]. The behavioral effects of combinations of MeHg 
and selenium were examined in young mice exposed prenatally to zero, two, or five 
doses of 3 mg/kg Hg and a diet either sufficient (0.4 pg Se/kg) or deficient (<0.02 
pg Se/kg) in selenium [175]. The mice exposed to high doses of MeHg showed 
selenium-related deficiencies in the righting reflex, walking ability, and open-field 
locomotion, as well as increased thermal preference. These differences diminished 
by the time the animals were weaned. 

Docosahexaenoic Acid (DHA) 

Fatty fish such as sardines, menhaden, and anchovies are rich in polyunsaturated 
fatty acids (PUFAs), substances that are highly biologically relevant to mammals. For 
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instance, the mammalian brain is a lipid-rich organ, with 60% of its dry weight con¬ 
sisting of various lipids, including very high concentrations of PUFAs such as docosa- 
hexaenoic acid (DHA) and arachidonic acid (AA). Consumption of these PUFAs has 
been related to a reduced risk of up to 50% in coronary and ischemic heart disease. 

Learning and behavior are also affected by PUFA deficits, especially DHA. Rats 
fed a diet deficient in n-3 fatty acids perform poorly on Y-maze learning tasks [91], 
brightness discrimination tasks [185, 186], and passive-avoidance tasks [16], and 
demonstrate longer latencies on Morris water mazes [35]. Mice exposed to dietary 
manipulations of n-3 fatty acids both pre- and postnatally exhibit deficits in passive- 
avoidance tests [21], require more time to learn the Morris water maze, and show 
retarded performance on rotorod tasks [67, 172]. Slower acquisition of the water 
maze task appears to have been related to swimming speed rather than memory. 

NEUROTOXICANTS AND BEHAVIORAL PLASTICITY 

Nervous system toxicity is revealed by overt neurological signs that are patently 
observable, as well as by more subtle effects on behavioral adaptation to ever- 
changing environments. The latter requires refined testing, but is worth the effort, 
as the impairments that are revealed can be highly informative about the subtle 
effects of low-level exposure. These effects fall under the umbrella of cognitive 
effects and are typically reflected in operant or respondent conditioning phenomena 
as well as “simpler” processes such as habituation and sensitization. They entail 
manipulation of plastic behavior that has been trained or established during the 
course of a lifetime. Impairment is reflected in the course of acquisition or in the 
expression of behavior during a stable baseline. The return for the investment in the 
extensive testing that is required is the revelation of effects on memory, learning, 
perception, sensory-motor function, or other subtle effects that significantly impair 
functioning in an industrialized society [177]. 

A number of different behavioral domains can be affected by exposure to MeHg. 
Sensory function, motor function, sensitivity to certain behaviorally active drugs, 
and learning have all been identified as toxic endpoints. Behavioral procedures can 
be designed to emphasize these influences over behavior, but with the caveat that 
these domains cannot be completely separated from one another or examined in 
isolation. To characterize the effects of MeHg on the acquisition of behavior, for 
example, one must necessarily rely on the perception of stimuli, sensitivity to 
reinforcement, and motor abilities that permit an animal to respond. 

While behavioral analyses of MeHg toxicity typically involve the use of labo¬ 
ratory models, they address, and can even predict, subtle effects in humans, some 
of which have economic consequences. For example, estimates of the economic 
consequences of productivity loss associated with MeHg exposure in the U.S. begin 
with decrements of scores on IQ tests [169], a highly refined form of testing. Animal 
models of human IQ tests do not exist, but correlations between exposure levels that 
impair operant behavior in nonhuman species and those that affect scores on IQ 
tests [33, 137, 138] support the use of such testing as a crucial component in the 
characterization of MeHg neurotoxicity. 
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FIGURE 7.1 Three-term contingency describing the control of operant behavior. Simply put, 
consequences act on responses by changing their probability of occurrence. This response- 
reinforcer relationship always takes place in some context. The application of these different 
elements to the study of the behavioral effects of drugs and toxicants is described in the 
columns on the right. 

Operant behavior is any behavior that is sensitive to its consequences, thus 
underlying a broad range of behavioral phenomena. While operants (i.e., voluntary 
responses) can be extraordinary complex and extensive over both time and space 
[98, 158], they often are studied with simple responses such as lever presses or 
traversal through a maze. The complexity can be reduced by identifying three 
important terms in the “three-term contingency” of operant behavior (Figure 7.1). 
These are responses, consequences, and the context in which behavior occurs. A 
consequence (food, drug, shock, or irritant) may follow a response. If that contin¬ 
gency between the response and the consequence increases the response rate over 
baseline levels, then it is called a reinforcer and the response is called an operant. 
Positive and negative reinforcement and punishment are defined according to how 
response rate changes as a function of the consequences [24]. All of this takes place 
in a context. Thus, for example, the stimulus context in which a left lever press is 
reinforced can differ from one in which a right-lever press is reinforced. Discrimi¬ 
nation describes the extent to which response rates in the presence of these stimuli 
differ. 

As noted in Figure 7.1, the experimental arrangement can be structured so as to 
emphasize the role of consequences and thereby examine the reinforcing efficacy 
of a drug or food [75], the irritancy of a chemical [184], or the sensitivity to the 
richness of different sources of reinforcers [39]. Patterns of lever pressing or the 
response’s physical characteristics (force, duration, displacement) can be emphasized 
to study motor function [63, 116, 117]. The context can be exploited to examine 
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sensory function [100, 146] as well as memory, discrimination, or generalization 
[105]. Schedule-controlled operant behavior, generally reflected in behavior sup¬ 
ported by complex arrangements of contingencies, often involves complex behav¬ 
ioral patterns that can be quite sensitive to chemical exposure [34, 143, 176]. One 
important advantage of operant testing is that it reveals the extent to which impair¬ 
ment occurs in an intact, behaving organism. Behavior can be quite sensitive to 
toxicant exposure, and behavior analyses can test hypotheses generated in in vitro 
experiments as well as generate hypotheses for pursuit in further studies [90, 177]. 

Identifying Effects of MeHg Exposure on Learning 

Newland and Paletz [121] proposed that MeHg’s effects are dominated by disruptions 
in the relationship between a response and its consequences and that the role of 
stimulus control processes (discrimination, memory) are relatively minimal. These 
determinants of operant responses, their context and their consequences, are insep¬ 
arable influences over the behavior of the whole animal, making it impossible to 
eliminate any single term in a behavioral analysis of a neurotoxicant [41]. It is possible, 
however, to design procedures that minimize the influence of a particular element. 

If MeHg’s effects are primarily on the response-reinforcer relationship, then it 
will be necessary to use procedures that exploit this relationship in order to identify 
these effects. These procedures should also minimize the role of memorial or dis¬ 
crimination processes. This runs counter to many approaches that are commonly 
used in behavioral toxicology because they emphasize discrimination or, especially, 
memory processes. For example, procedures such as radial arm mazes, delayed 
match to sample, and delayed discrimination procedures, which are commonly used 
in identifying “cognitive” effects of toxicant exposure, should be less sensitive to 
developmental MeHg if such exposure does not disrupt discrimination or contextual 
control processes. 


CHOICE 

At some level, all studies of operant behavior entail the study of choice, because 
the subject can either engage in the target response or do something else. Formal 
studies of choice arrange a situation in which two or more response options are 
made available and monitored explicitly. Choice is expressed as the allocation of 
behavior between two (or more) activities that are simultaneously available. 

In the animal literature, choice is viewed as the allocation of behavior between 
two or more response alternatives (e.g., the distribution of responses between two 
concurrently available levers). Behavioral measures of preference include deliberate 
acts such as lever pressing or more passive measures such as time allocation [10]. 
The consequences available on the two alternatives typically vary in the rate of 
reinforcer delivery or reinforcement density, but they can also vary in magnitude, 
quality, or even type of activity. For example, an animal may choose between food 
and drug delivery or between drug delivery and an activity such as wheel running. 

The definition of choice as time or response allocation is deliberately broad and 
can include many commonly used procedures. Behavior in a maze study, for example, 
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is clearly an expression of choice: an animal chooses one arm and places itself in 
the position where a reinforcer may be delivered, as in a radial arm maze, or where 
a shock may be avoided, as in the shuttle-box or passive-avoidance task. The 
concurrent-schedule arrangement, used extensively in the study of choice, offers 
many advantages over these procedures (as will be addressed below), deriving both 
from its ability to measure choice in a continuous and repeatable fashion and from 
the impressively precise quantification of preference that this procedure affords [391. 
These arrangements produce impressively precise measures of behavioral allocation 
in humans [88] and animals [171]. While the study of choice using concurrent 
schedules has received relatively little attention in behavioral toxicology, it has much 
potential for characterizing this important and complex behavior. 

The sensitivity of choice procedures to subtle differences in the characteristics 
of the available consequences has been demonstrated many times [39]. For example, 
reinforcement magnitude by itself or reinforcement rate over a range of 30 to 120 
reinforcers/h, say, are relatively weak variables until a choice is offered [25, 92, 161, 
187]. When a choice is available, however, these variables become powerful deter¬ 
ments of where responses occur [88, 171]. We experience this phenomenon almost 
daily. For example, a sizeable price of a necessary commodity such as gasoline has 
little effect on the rate at which it is purchased, but a relatively small difference in 
price between two service stations can greatly influence which station gets one’s 
business. 

To be concrete about the experimental setting in which choice is studied, imagine 
a situation in which a rat is responding under a concurrent schedule as described 
above. Pressing the left lever is reinforced under a variant internal (VI) 30s schedule 
(a reinforcer is delivered following the first response to occur after 30 sec, on average, 
has elapsed), and pressing the right lever is reinforced under a VI 60s schedule. This 
would be referred to as a concurrent {cone) VI 30s VI 60s schedule, and the left-to- 
right reinforcement ratio would be 2:1 (i.e., for each available reinforcer on the right 
lever, two are available on the left lever). 

Simply examining behavior allocation using a single pair of VI schedules 
explains little about the effects of reinforcement rate on behavior. It is therefore 
customary to study how behavior changes under a variety of variant internal (VI) 
schedule pairs. This type of parametric manipulation allows for the assessment of 
many behavioral phenomena, such as choice, sensitivity to discrepancies in rates of 
reinforcement, sensory and motor function, and choice in transition. This last phe¬ 
nomenon, choice in transition after a change in the relative density of two sources 
of reinforcement, is especially sensitive to toxicant exposure [119, 123]. 

Behavior under concurrent schedules of reinforcement can be roughly divided 
into two categories: (1) that which occurs immediately after a change in schedule 
values and (2) that which is observed after a specific pair of schedules has been in 
effect for some period of time. The former category can be referred to as transitional 
behavior and the latter as steady-state behavior , since it is “a pattern of responding 
that exhibits little variation in its measured dimensional quantities over a period of 
time” [83]. It is characterized by a lack of trends, meaning that there are no consistent 
unidirectional changes or regular cyclical changes in a particular response. 
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Transitional behavior, on the other hand, is that which occurs during the change 
from one steady state to the next [83], and is characterized by a significant change 
(usually an increase or decrease) in the behavior ratio. Newland and Reile [119] 
define the beginning of the transition period as “the point at which programmed 
reinforcement contingencies change” (p. 323). A return to steady-state responding 
marks the end of the transitional period. It is important to stress that the data 
themselves dictate what type of behavior is being observed at any particular time, 
not the current condition of the experiment. For example, data that contain variation 
characterized by trends (e.g., a steady increase in response ratio across sessions) are 
indicative of transitional behavior whether it is observed following a change in the 
reinforcement schedules or after one pair of schedules has been effective for 20 
consecutive sessions. 

Choice in Steady-State Conditions 

Steady-state behavior is most commonly modeled using a formulation called the 
generalized matching relation, which takes the form 



This equation is usually represented in the logarithmic form 


(7.1) 




+ logc 


(7.2) 


Here, B x and B 2 (B for behavior) represent the number of responses or amount of 
time allocated to response alternatives 1 and 2, respectively. R l and R 2 refer to the 
number of reinforcers obtained by engaging in responses 1 and 2, respectively. The 
parameter a describes the slope of the linear function, and the parameter c describes 
the intercept of this function. The independent variable is the reinforcement ratio, 
R x /R 2 , and the dependent variable is the response (or time) ratio, B X !B 2 . The plots of 
behavior ratios vs. reinforcer ratios are called “matching functions” and are illus¬ 
trated in Figure 7.2. 

The structure of Equation 7.1 and Equation 7.2 is relatively simple, but these 
equations typically account for more than 80% of the variance in behavior. Equation 
7.1 resembles Steven’s Power Law used to describe sensory phenomena, and implies 
a psychophysical interpretation of choice similar to the detection of sound, light, or 
touch. The form of equation 7.2 is more tractable, since it describes a linear function 
between log (B x /B 2 ) and log ( R x /R 2 ) that can be fit with linear regression. It also 
presents the equation in the same way that the relationship between behavior and 
reinforcer ratios is usually plotted, since both the horizontal and vertical axes are 
always scaled logarithmically (Figure 7.2). 
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FIGURE 7.2 Matching functions. Steady-state performance showing the allocation of lever 
pressing by monkeys between two response alternatives. The horizontal axis shows the ratio 
of reinforcement rates programmed to derive from the left and right levers, respectively. That 
is, it is the term Rj/R 2 in Equation 7.1 and Equation 7.2. The vertical axis shows the allocation 
of lever pressing to the left and right levers. The solid line shows the best-fit function 
(equation), and the dotted line shows perfect matching, i.e., response ratio equals reinforcer 
ratio. (From Newland, M.C. et al., Toxicol. Appl. Pharmacol ., 139, 374-386, 1996. With 
permission.) 


The slope term, a , describes the sensitivity of the behavior monitored to rein¬ 
forcement under the conditions employed. A value of zero describes a horizontal 
line and indicates that response allocation is completely insensitive to the reinforcer 
ratios. A value of 1.0 is called “strict matching” because it describes response ratios 
that match reinforcer ratios (assuming no bias, or c = 1). This is a mathematically 
convenient benchmark but not a behavioral standard. Slopes less than 1.0 (~0.8) 
referred to as “undermatching” are typical for laboratory animals as well as humans 
[39, 88, 171]. Thus, slightly less responding occurs on the rich alternative than would 
obtain under conditions of matching, and slightly more responding occurs on the 
lean alternative. The solid line shown in the left panel of Figure 7.2 has a slope of 
approximately 0.95. Slope can be influenced by some experimental conditions, such 
as the changeover cost. If there is a high cost for changing levers, then the animal 
leaves the rich side less frequently, and overmatching occurs [59, 168]. 

Bias, c, is an indicator of unaccounted-for preference for one of the two response 
devices, independent of the reinforcement ratio. This preference may be due to any 
number of factors. For example, one device may be easier to operate than the other. 
The characteristics that most distinguish bias are that (a) it is not driven by changes 
in the reinforcer ratio and (b) it may remain constant for each individual in a specific 
context. Responding is said to be unbiased when c = 1 (log c = 0). When c is greater 
than 1, a preference exists for responding on the manipulandum represented in the 
numerator of the behavior ratio, and when c is less than 1, a preference exists for 
responding on the manipulandum represented in the denominator of the behavior 
ratio. 
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Neurotoxicant Exposure and Choice 

Figure 7.2 shows matching functions from squirrel monkeys exposed gestationally 
to MeHg or to high lead levels [126]. These exposures were sufficiently high that 
they disrupted the expression of choice in steady state (i.e., after it had been 
acquired). They also demonstrate a permanent impairment in the expression of choice 
under the conditions of testing. Compared with unexposed animals, exposed mon¬ 
keys’ allocation of behavior to the rich and lean sources of reinforcement displayed 
diminished sensitivity to variations in reinforcement rates associated with these two 
alternatives. 

Lower exposure levels had no such effect. In fact, at maternal lead levels below 
40 pg/dl there was no detectable effect on steady-state responding in offspring. 
Prenatal exposure to high levels of lead, greater than 40 Jig/dl, significantly impaired 
choice in young squirrel monkeys but, at least after acquisition, the expression in 
monkeys exposed to lower levels resembled that of controls. 

Choice in Transition 

Toxicant effects on learning can be assessed using concurrent-schedule behavior in 
transition. This approach has been used to assess the effects of developmental 
exposure to MeHg or lead on choice and learning in squirrel monkeys [126] and of 
MeHg on rats [125]. This sort of analysis can be combined with analyses of steady- 
state performance to form a complete characterization of choice and learning under 
concurrent schedules of reinforcement. 

To produce a matching function such as that indicated in Figure 7.2, it is 
necessary to present a range of reinforcer ratios to a subject. Each new ratio affords 
an opportunity to investigate the acquisition of choice. Thus, there is a baseline of 
response allocation, a change in the reinforcement ratios, and acquisition of a new 
baseline. This study of the repeated acquisition of choice within a single subject has 
many advantages [119, 163]. The transition migrates from one baseline to another 
baseline, making it is possible to study repeatedly the sensitivity of behavior to 
changing conditions. However, other aspects of the experimental situation are similar 
to that of the initial acquisition: the same levers are pressed, their location does not 
change, the chamber remains the same, the reinforcer is the same, and the overall 
contingency between lever pressing and its consequences are similar. Therefore, the 
uncontrolled variability present in the initial acquisition of a response when all 
aspects of the environment are novel is minimized. This reduces experimental noise 
and isolates the variable of interest, that is, the allocation of behavior to different 
sources of reinforcement. Another strength of this approach is that parametric inves¬ 
tigations of the acquisition of choice can be conducted repeatedly in a single subject. 

An evaluation of transitional responding in monkeys exposed prenatally to either 
lead or MeHg demonstrates how this procedure can be used to identify toxicant 
effects on learning in a preparation designed to study choice [126]. Analyses of 
transitional behavior demonstrated slower transitions among exposed animals. The 
behavior of control monkeys tracked the schedule changes, and transitions were 
completed within three to six sessions. In contrast, monkeys exposed to MeHg during 
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gestation demonstrated almost no changes in behavior during the first session. The 
transitions of exposed subjects progressed more slowly, ended before response ratios 
reached programmed reinforcement ratios, and were more inconsistent and variable 
than those of control subjects [124]. These impairments were observed at exposure 
levels lower than those that affected steady-state responding, demonstrating the 
strength of transition analyses to uncover untoward effects of exposure not otherwise 
detected by traditional measures of concurrent-schedule behavior. 

Figure 7.3 shows representative transitions for a control (top panel), MeHg- 
exposed (middle), and lead-exposed (bottom) monkey. The exposure levels that 
produced these examples were relatively high, but they illustrate some important 
aspects of the acquisition of choice. Here, in this early approach to studying choice, 
its expression was measured using the proportion of responses on the left lever, 
rather than the ratio of left- to right-lever responses, which we use now [125], but 
for present purposes the distinction between response ratio and response proportion 
is unimportant. 

Figure 7.3 also shows an intervention termed “behavior therapy.” Monkeys 
whose behavior did not change after the reinforcer ratio was altered experienced an 
extreme discrepancy in the reinforcer ratios. In order to compensate for this, the 
programmed reinforcer rate on the rich lever for these monkeys was changed to 
99.9% (rather than the originally programmed 80%). Behavior changes of an appro¬ 
priate magnitude and in the correct direction were observed following instatement 
of therapy. This provided further evidence that sensitivity to reinforcement was the 
behavioral mechanism by which neurotoxicant exposure acted to disrupt acquisition. 
That is, prenatal exposure to MeHg resulted in a relative insensitivity to reinforce¬ 
ment or to the discrepancy between the reinforcement rates experienced on the two 
response alternatives. 

Equation 7.3 shows the form of the logistic equation best suited to model the 
transitional data produced in our experiments [119]. When plotted, it generates an 
S-shaped function that describes how behavior changes as a function of the combined 
number of reinforcers delivered from both levers. This is often characterized by an 
initial period of slow change immediately following a change in the programmed 
reinforcement ratio, followed by a period of rapid behavior change that gradually 
culminates in an asymptote to the new steady state. 



= log v mk + 


iog(y M ) 

l + g k(X hal t-X ) 


(7.3) 


The shape of this function is seen in Figure 7.4. The independent variable, X, 
is some measure of the passage of the transition. While time might appear to be a 
natural dimension to use, we have found that the cumulative number of reinforcers 
delivered performs much better. This measure carries more behavioral relevance than 
elapsed time, since the transition is driven by reinforcer deliveries. This independent 
measure carries other advantages, too, not the least being that it permits more-direct 
comparisons across conditions and even across species using a relevant measure of 
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FIGURE 7.3 Lead- and MeHg-exposed monkeys, behavior in transition, showing the acqui¬ 
sition of choice in three squirrel monkeys. The horizontal axis shows session number, and 
the vertical axis shows the proportion of responses (filled symbols, thick line representing a 
Lowess smoothing of the filled symbols), obtained reinforcers (unfilled symbols), and pro¬ 
grammed reinforcers (thin line). Three transitions plus a “behavior therapy” intervention are 
represented. 
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FIGURE 7.4 A single-session transition in the expression in choice. At the beginning of a 
2.5 h session, each of two levers produces the same rate of reinforcement. After 30 min into 
the session (0 on the horizontal axis), the reinforcer rates may change so that one lever 
becomes richer than the other. The horizontal axis represents the number of reinforcers 
delivered since the transition’s beginning. The vertical axis represents the ratio of rich to lean 
responses at the end of each pair of visits, normalized to the ratio obtained at the end of a 
30-min baseline period. Thus the vertical axis represents the magnitude of change in choice 
since baseline. Individual data points represent the instantaneous response ratio after a pair 
of visits. The thin line is a Lowess smoothing of the data points. The fitted line is a logistic 
function, whose equation is shown in the inset. Other details in text. (From Newland, M.C. 
et al., Neurotoxicol. Teratol., 26, 179-194, 2004. With permission.) 

behavior change. In addition, one practical advantage to using cumulative reinforcers 
as the independent variable is that it yields model estimates that better fit the observed 
data. 

The dependent variable is the logarithm of the behavior ratio log B x /B 2 . The 
initial value T init represents the behavior ratio seen at the end of the baseline. The 
upper asymptote of the function, F M , describes the new steady state. We usually 
normalize the transition to the baseline and describe the magnitude of the transition, 
log B X IB 2 - log (F init ), relative to the baseline value. Thus, Y M can be viewed as T ss 
- T init , where T ss represents the new steady state of choice. The parameter k describes 
the slope of the steep portion of the S-shaped curve. There are two ways of inter¬ 
preting this parameter. First, it is the slope at the inflection point of the curve (where 
the curve changes from curving upward to curving downward), and it is the steepest 
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portion of the function. Second, the value 1 Ik represents the number of reinforcers 
required to get from 1/e to 2/e of the entire transition. Since e is about 2.73, this 
describes the number of reinforcers that span approximately the middle third of the 
transition. 

The value X half is a “location parameter” that describes the number of reinforcers 
required to complete one-half of the transition. A high value locates the S toward 
the right (many reinforcers), and a low value locates it to the left (few reinforcers). 
The upper asymptote describes the behavior ratio (actually, the log of this value) 
after the transition is complete, so it represents the magnitude of the transition. 

Choice in transition was used to evaluate the effects of low-to-moderate levels 
of gestational exposure to MeHg on single-session transitions in adult and aging 
rats [125]. The single-session transition offers advantages over the approach used 
in the earlier study, which examined transitions occurring across session [119]. In 
the earlier study, a transition required about 15 to 20 30-min sessions, or approxi¬ 
mately three to four weeks, for completion. In the single-session procedure, transi¬ 
tions occur over the course of one extended session. Under these conditions, the 
upper asymptote (7 M ) was not as large as in the multiple-session transition. Most of 
the transition occurs within several dozen reinforcers, but a small amount of addi¬ 
tional change in the behavior ratio occurs over the course of several weeks [42]. 
This results in slightly shallower slopes generated by matching functions fit to 
steady-state behavior from single-session transitions [119]. The fact that some of 
the transition is not modeled is slightly problematic, but this is offset by the ability 
to conduct multiple transitions. In addition, it provides a means by which the effects 
of drug challenges on choice in transition can be investigated. 

In the single-session preparation, experimental sessions consisted of a 30-min 
baseline phase, during which the reinforcement ratio was 1:1, followed by a 120- 
min transition phase (described below, see also Figure 7.4). With earlier implemen¬ 
tation, a random number generator was used to determine when a reinforcer was 
scheduled for delivery during the baseline phase, and the probability of reinforcer 
delivery following a response was equal across levers. Inspection of the data revealed 
the occasional presence of long runs of reinforcers on one lever, resulting in biased 
responding during the baseline phase. In later implementations, sequences of rein¬ 
forcers were generated with a computer program to ensure that 40 to 60% of the 
reinforcers came from each lever during the last 20 min of the baseline phase, leading 
to a significant reduction in the development of position preferences during baseline. 

The baseline phase was followed by one of three conditions: (1) the left lever 
became rich (the left-to-right reinforcement ratio was >1), (2) both levers produced 
reinforcement at the same rate (the left-to-right reinforcement ratio = 1), or (3) the 
right lever became rich (i.e., a left-to-right reinforcement ratio <1). The condition 
occurring on a particular day was pseudorandomly determined such that the same 
condition could not occur in three consecutive sessions. 

To analyze transitions in a single session, it was important to track behavior at 
a molecular level. To accomplish this, behavior ratios were analyzed on a visit-by¬ 
visit basis. A series of consecutive responses on the left lever comprised a left visit. 
This visit was terminated by a response on the right lever, which initiated a right 
visit (i.e., a series of consecutive responses on the right lever). When the next visit 
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on the left lever commenced, the behavior ratio on the previous pair of visits 
(left:right) was calculated. Both time and response ratios were inspected, and 
response ratios were chosen as the dependent variable of interest. A Lowess smooth¬ 
ing algorithm was used to smooth over nine visits. For example, to estimate the 
response ratio on the 10th visit, ratios from the 6th to the 14th visit were averaged 
using a procedure that assigned weights to visits based on their temporal distance 
from the visit of interest (i.e., for the 10th visit, response ratios at the 9th and 11th 
were the most heavily weighted, while those at the 6th and 14th were the least 
heavily weighted). This ensures that the more distal visits were the least influential. 
The resulting function was relatively smooth and maintained the important dynamics 
that become lost when response ratios are averaged within 30-min sessions. 

Steady-state responding in single-session transitions was analyzed by applying 
Equation 7.2 to the last ten pairs of visits in a session, and transitions were analyzed 
by fitting Equation 7.3 to all data following a transition (i.e., that which occurred 
during the last 2 h of each session). Analyses of variance were carried out on all 
parameter estimates generated by Equation 7.2 and Equation 7.3 to determine the 
effects of MeHg on responding. 

Prenatal exposure to MeHg did not affect steady-state responding in either young 
or aging rats, and slope estimates were slightly lower than what occurs when a 
behavior is allowed to stabilize over several weeks. There were no dose-related 
effects of MeHg on slope or intercept (c and a in Equation 7.1). 

In Figure 7.4, for the figure on the top left, the magnitude of the transition was 
2.4; it was half completed after 19 reinforcers, and the maximum slope was 0.14 
(log percentage points/reinforcer). For the transition on the top right, representing 
a MeHg-exposed rat, the corresponding values are 3.6, 40, and 0.05. Thus the 
transition was larger (in this example) and slower. The magnitude of the transitions 
for MeHg-exposed rats was indistinguishable from controls, but they were slower. 
The bottom left figure shows a rat that transitioned in the wrong direction: most 
behavior was allocated to the lean alternative. This was sometimes seen in exposed rats. 

The overall pace of behavior change (i.e., learning) was slower for MeHg- 
exposed rats, especially as the rats aged, as indicated by a greater number of 
reinforcers required to complete half of a transition in exposed rats (Figure 7.5). 
Since this effect appeared in the half-maximal reinforcers, it further indicates that 
the effect occurs because more reinforcer deliveries are required to effect the begin¬ 
ning of a transition. These exposed animals appeared relatively insensitive to the 
change in reinforcement. Once choice began to change, it proceeded at a pace that 
was indistinguishable from that of unexposed subjects, and it ended at the same 
value. That is, the magnitude of the transition and the maximum slope were indis¬ 
tinguishable across exposure groups. 

The concurrent-schedule procedure emphasizes the acquisition of choice and its 
expression in steady state. The role of memory is minimized because all relevant 
stimuli are present at the same time that the animal responds, whereas in memory - 
type procedures the response at present must be influenced by a stimulus that was 
presented and removed in the past. Even the role of discrimination has been mini¬ 
mized, since there is no specific stimulus that is correlated with a “correct” or 
“incorrect” response; there is not even a “correct” or “incorrect” response. 
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FIGURE 7.5 Mercury on choice in transition in middle-aged and old rats. Half-maximal 
reinforcers in a choice-in-transition procedure for middle-aged and old rats exposed to MeHg 
(0, 40, or 400 pg/kg/day via maternal water) during gestation. When the rats were over 2 
years of age, they displayed significant retardation in allocating behavior to the rich lever. 
Filled and unfilled symbols represent males and females, respectively, but there was no gender 
difference in the effect. 

ACQUISITION OF FIXED-RATIO (FR) RESPONDING 

In acquiring lever pressing, a laboratory animal presses the lever and a reinforcing 
consequence such as food, sucrose, or water is delivered. If the animal is sufficiently 
food- or water-deprived, then this simple contingency increases the rate of lever 
pressing, which eventually occurs at a high rate and to the exclusion of other 
activities. There is some opportunity for discrimination and memorial processes to 
occur here — the position of the lever and the recent delivery of a reinforcer must 
be remembered — but their role is minimal. No stimulus is uniquely paired with 
reinforcer delivery either at the time that the animal responds, as in discrimination 
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tasks, or prior to the opportunity to respond, as in memory tasks. The consequence 
is that the primary influence over behavior and the context is relatively unchanging. 

In the FR-acquisition procedure, this contingency of one response/reinforcer is 
made more demanding by requiring more responses for each reinforcer [97, 127]. 
Thus, for example, after lever pressing under an FR-1 schedule (each lever press 
produces a reinforcer), an FR-5 schedule is imposed (five lever presses are required), 
then an FR-25 and finally an FR-75, with only a few sessions at each of the FR 
values. With each increase in the ratio between responses and reinforcers, the overall 
reinforcement rate becomes leaner. Thus, there is a risk that lever pressing could 
extinguish. 

It might be tempting to assume that neurotoxicant exposures would always result 
in diminished responding under this procedure, but this analysis is incorrect. Cer¬ 
tainly, motor deficits that increase the difficulty of lever pressing or, alternatively, 
an effect that reduces the efficacy of the reinforcer would result in more rapid 
extinction and diminished responding. A tendency to perseverate, however, would 
result in persistent responding as the reinforcement rate decreases, and could result 
in “improved” performance under the larger fixed-ratio value. In fact, as described 
below, this has been seen [132]. 

Another effect that could result in enhanced responding is enhanced reinforcing 
efficacy of the consequence, which could arise if neurotoxicant exposure altered 
reinforcement pathways. Incremental fixed-ratio schedules are well-established pro¬ 
cedures for determining the reinforcing efficacy of abused drugs [30, 75, 151, 152]. 
There are also indirect ways by which increased responding might occur. For exam¬ 
ple, if exposure led to an increase in the caloric intake required to sustain an animal’s 
body weight, then that could also enhance responding under such a procedure either 
by increasing local response rates or, more likely, by decreasing preratio pausing. 
Such pausing is powerfully influenced by the relative reinforcing value of the 
upcoming ratio and the consequences that it leads to [7, 44, 140]. In fact, these 
different mechanisms may all contribute to the elevated response rates, a situational 
outcome that one might interpret as perseveration. This is not to say that such an 
interpretation would be mistaken. Indeed, it could point to a behavioral mechanism 
by which “perseveration” occurs. 

Developmental exposure to cadmium resulted in higher response rates as the 
fixed-ratio (FR) schedule became larger [126]. At the FR-75 schedule, the cadmium- 
exposed rats had much higher response rates than controls, and this effect persisted 
even with steady-state exposure to this schedule value. Cumulative records showing 
the responding of individual rats under this arrangement confirmed that, for controls, 
a pattern characteristic of “ratio strain” was evident. 

The sensitivity of this procedure for detecting neurotoxicity has been seen also 
with MeHg exposure [133]. Figure 7.6 shows the rapid acquisition of FR responding 
in rats exposed during gestation, via maternal drinking water, to 0, 0.5, or 5 ppm of 
MeHg, resulting in about 0, 40, or 400 pg/kg/day exposure [132]. Some rats con¬ 
sumed a fish-oil diet and others consumed a coconut oil diet so as to produce diets 
rich or low in n-3 polyunsaturated fatty acids. Diet did not interact with MeHg, 
however, so only MeHg effects will be described. 
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FIGURE 7.6 Rapid acquisition of fixed-ratio performance in rats exposed to MeHg (about 
0, 40, or 400 gg/kg/day via 0, 0.5, or 5 ppm in maternal drinking water) during gestation. 
FO (fish oil) rats consumed a fish-oil diet rich in n-3 polyunsaturated fatty acids, and CO 
(coconut oil) rats consumed a coconut oil diet lean in these fatty acids. There was an effect 
of MeHg but not of diet on responding as the ratio value increased. 
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Here, as in the cadmium study, all exposure groups had similar overall response 
rates at the lower fixed-ratio values. As the fixed-ratio requirement increased, the 
groups became distinct. Rats exposed gestationally to MeHg showed higher response 
rates than controls. It may be that this effect is limited to ratio-type contingencies, 
which can produce high response rates. When the schedule was changed to a 
differential reinforcement of low-rate schedule, the three exposure groups were 
similar after the first day of exposure (not shown in figure). 

This effect was systematically replicated with a progressive-ratio (PR) schedule. 
Under this arrangement, the response requirement increased by 5, 10, or 20% with 
each reinforcer delivery. For example, when the progressive ratio schedule increased 
by 5%, the first ratio requirement was FR 10, and it progressed using the following 
sequence: 10, 11, 11, 12, 12, 13, 13, 14, 15, 16, etc., responses per reinforcer. The 
repeated values (11, 11, for example) were due to rounding. The PR 20% schedule 
produced a more rapidly increasing sequence: 10, 12, 14, 17, 21, 25, 30, 36, 43, 52. 
The offspring of rats exposed to 5.0 ppm of MeHg had higher response rates under 
the progressive ratio schedule, and the appearance of this effect was most evident 
when the progressive ratio increased relatively slowly. As with the rapidly increasing 
fixed-ratio schedule, prenatal exposure to MeHg resulted in an increased response 
rate under the progressive-ratio schedule, too (Figure 7.7). The progressive ratio 
shows that the rate of increase is also an important determinant and that effects are 
more likely to be discernable when the response ratio increases by 5% with each 
reinforcer. 

Prenatal exposure to MeHg resulted in elevated response rates under rapidly 
increasing fixed-ratio schedules of sucrose reinforcement and under progressive- 
ratio schedules. The effects do not reflect motor deficits, since those would appear 
as diminished response rates. They are consistent with an effect that might be 
described as perseveration. They are also consistent with an interpretation that 
emphasizes an alteration in the efficacy of the reinforcing value of sucrose. These 
are not inconsistent interpretations, as enhanced reinforcing efficacy could produce 
higher response rates and reduced pausing, effects that would appear as perseveration. 

These data demonstrate the importance not only of parametric explorations of 
environment-behavior interactions but, more importantly, of the value of conducting 
detailed analyses of behavior. There was no effect of MeHg at the lower FR require¬ 
ments (Figure 7.6) of FR-1 or FR-5. The absence of an effect on behavior under an 
FR-5 is not due to lack of experience with the schedule, since a replication of this 
condition after the FR-75 condition resulted in nearly identical responding as seen 
during the first implementation. It is likely that the more demanding schedules 
provide opportunity for perseveration to be manifested. 

DIFFERENTIAL REINFORCEMENT 
OF HIGH-RATE BEHAVIOR 

Many reinforcement schedules produce high rates of behavior, indirectly, due to the 
response patterns that they select. Two characteristics of the fixed-ratio schedule 
result in the appearance of high response rates after extended exposure. This 
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FIGURE 7.7 Progressive ratio responding in rats exposed during gestation to MeHg. Rats 
exposed to the high concentration of MeHg responded at higher rates, especially when the 
ratio increased at 5% after each reinforcer. 


schedule, in which a set number of responses is required for reinforcement delivery, 
reinforces short interresponse times because reinforcers usually arrive in the middle 
of response bursts. In addition, there is a direct relationship between overall response 
rates and reinforcement rates [92, 187]. Because of these characteristics, FR sched¬ 
ules have been used to study motor function and its impairment by drugs and 
toxicants [64-66, 116-118]. 

The differential reinforcement of high rate (DRH) schedule reinforces high- 
rate behavior directly. Here, a sequence of lever presses is reinforced if it meets 
a time requirement. For example, using a nomenclature introduced by Newland 
and Rasmussen [122], a DRH 9:4 sec means that nine responses must be completed 
within 4 sec, or that each pair of responses must be separated by a 0.5 sec inter¬ 
response time (on average). Such a schedule was used to study the developmental 
neurotoxicity of MeHg, and behavior under this schedule was said to be an extraor¬ 
dinarily sensitive marker of effect [15]. While that particular sensitivity has not been 
replicated [122], behavior under a DRH schedule is a sensitive marker of MeHg’s 
developmental neurotoxicity, especially as it deteriorates with aging [123]. 
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FIGURE 7.8 Age-related declines in the completion of a nine-response sequence of lever 
pressing within 4 sec, as required under a DRH 9:4 schedule of reinforcement. Control rats 
showed about an 80% decline as they aged. Exposed rats had sufficient difficulty that they 
stopped responding before they reached 900 days of age. Methylmercury-exposed rats showed 
dose-related declines in the age at which they experienced difficulty meeting the DRH 9:4 
reinforcement contingency. (Adapted from Newland, M.C. and Rasmussen, E.B., Neurotox- 
icol. Teratol ., 22, 819-828, 2000. With permission.) 

Rats were trained to respond under a DRH 9:4 schedule of reinforcement at 120 
days of age, and the experiment continued until the oldest survivors were 900 days 
old [122]. This schedule produces response bursts of nine responses separated by 
pauses. The performance of each rat was compared against its performance in the 
early sessions by normalizing response rates against rates in the baseline established 
at the beginning of the study. The primary dependent variable was the number of 
reinforcers earned during a session, which matched the number of nine-response 
sequences that occurred within the 4-sec criterions. 

Among control rats, all but one continued responding to 900 days of age, 
although there was an overall age-related decline in rate to about 80% of baseline 
at this old age (Figure 7.8). Only one of the rats exposed to 6.4 ppm continued 
responding this long. For the others, responding declined before they reached this 
age. For those rats that failed to continue responding to the end of the experiment, 
the age at which reinforcement rates fell to below 50% of baseline rate was determined. 

There was a dose-related decline in the age at which reinforcement rate (and 
hence the number of criterion nine-response sequences) declined to 50% of baseline. 
Rats at higher MeHg doses reached the 50% of baseline at about 1.5 to 2 years of 
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FIGURE 7.9 How DRH performance declined. The top panels show a cumulative distribution 
of lever-press duration (top left) and interresponse times (IRTs), exclusive of duration (top 
right), for a control rat averaged over ten sessions taken from baseline and the end of the 
experiment. The 95% confidence bands are obscured by the data points. Lever-press duration 
increased from 0.13 sec during baseline to 0.19 sec at the end of the experiment for this 
representative animal. The IRT was further analyzed into criterion and noncriterion IRTs, 
indicated by the vertical line in the top right panel located at 0.38 sec. If all IRTs were 0.38 
sec and durations were 0.12 sec (the overall median), then the nine-response burst would just 
meet criterion. The middle panel shows median lever-press durations across control groups 
during baseline sessions and under a condition called “aged,” taken from the session at which 
reinforcement rates were close to 50% of baseline, or the last day of testing. The bottom 
panels show similar curves for criterion and noncriterion IRTs. (Adapted from Newland, M.C. 
and Rasmussen, E.B., Neurotoxicol. Teratol ., 22, 819-828, 2000. With permission.) 


age, depending on dose, while most unexposed rats’ behavior declined to only about 
80% of control by 2.5 years old. Such a decline in the overall output of high-rate 
behavior does not necessarily arise from impaired abilities to execute high-rate 
response bursts [122], at least not in a simple way. Figure 7.9 shows interresponse 
times taken from response bursts that met the DRH 9:4 criterion and those that did 
not. The latter included times between response bursts as well as the time to collect 
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the reinforcer and return to the lever. Lever-press duration increased slightly as 
response rates fell, and this was interpreted as an indicator of age-related deficits in 
the motor execution of lever pressing. 

Despite the increase in lever-press duration, the nine-response sequences pro¬ 
duced still occurred within the required 4 sec, implying that the short (criterion) 
interresponse times (IRTs) remained intact. This was confirmed by investigating the 
distribution of interresponse times taken from the session at which the number of 
reinforcers (and criterion sequences) reduced to 50% of baseline (Figure 7.9). The 
reduction in responding most likely reflected greater increases in longer (noncrite¬ 
rion) IRTs, indicating increased pausing and longer delays in initiating responding. 
Such pausing could be due to difficulty in ambulating to the feeder, fishing the food 
out, and consuming it. It could, however, also be attributed to motivational, and not 
motor, influences. Evidence for this comes from a number of recent studies showing 
that such pausing is sensitive to the relative reinforcing value of the events following 
the pause: the more reinforcing an event (relative to other aspects of the experimental 
setting), the shorter is the pause between bouts of responding [7, 44, 140, 162]. 

MOTOR FUNCTION 

Behavior always entails a motor act, so it is necessary to eliminate motor deficits 
as confounds in experiments on cognitive function. Sensory-motor function has been 
shown to be disrupted by MeHg exposure in humans, nonhuman primates, and 
laboratory rodents and pigeons, so the possibility that motor deficits confound effects 
on behavioral plasticity must be addressed [13, 31, 174]. With MeHg, the pattern 
of sensory-motor deficit differs, depending on whether exposure is developmental 
or chronic and beginning in adulthood. 

A direct comparison of the effects of developmental and chronic, adult-onset 
exposure on motor skills showed dose-related effects of MeHg only after extensive, 
chronic exposure. Rats were exposed either chronically or prenatally (via maternal 
drinking water) to 0, 0.5, or 5.0 ppm of MeHg in drinking water, approximating 0, 
40, or 400 pg/kg/day [43]. Half of the rats were maintained on a coconut oil diet, 
while the other half ate a fish oil diet high in docosahexaenoic acid (DHA), but diet 
did not influence methylmercury’s effects, so will not be considered further here. 
Chronic, adult-onset exposure produced dose-related increases in grip strength, hind- 
limb crossing when the rat is held by the tail (a marker of chronic, high-dose 
exposure), gait abnormalities, and diminished running wheel activity. Similar effects 
have been reported in other experiments, but with higher exposure levels and, 
consequently, more rapid onset of effects [155]. Pigeons are also susceptible to 
sensory-motor deficits after chronic exposure [50]. 

Developmental exposure produced none of these effects [43]. Since the effects 
on choice, fixed-ratio acquisition, or high-rate behavior were all associated with 
developmental exposure, it can be concluded that they did not reflect such pro¬ 
nounced motor deficits. There remains the possibility that subtler motor deficits 
associated with developmental exposure influence the effects seen, but this seems 
unlikely. The elimination of subtler deficits that might be associated with develop¬ 
mental exposure [144] requires the more fine-grained analyses described elsewhere. 
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This issue has been addressed in experiments described above by noting distinctions 
between MeHg’s effects on choice and overall response rate, or between pauses that 
separate high-rate bursts of responding and the initiation of such bursts. For example, 
it is difficult to argue that an effect on the acquisition of fixed-ratio responding is a 
motor deficit when the effect is an increase in overall response rates. 

SENSORY DEFICITS 

Deficits in visual, auditory, and tactile function have been reported in animal models 
[121, 147] and in human exposures [2, 6, 31, 174]. As with motor deficits, MeHg 
affects sensory function, and some of these effects could reflect MeHg’s disruption 
of cortical development [128]. A large portion of the cortex is devoted to the 
processing and integration of sensory information, and these cortical regions accu¬ 
mulate MeHg during developmental exposure. Cortical deficits would be reflected 
in higher-order sensory functions such as integration of the visual stimuli. These 
include clumsiness and deficient tactile sensitivity [150], impaired contrast sensitiv¬ 
ity function [148], and high-frequency hearing [149]. While these effects could 
reflect cortical function, they could, and probably do, also result from toxicity in 
sensory pathways afferent to the cortex. 

Cortical damage could produce agnosia, and the range of possible effects is 
broad. This is an area that has not been pursued aggressively in the animal literature, 
although the study of contrast-sensitivity contours in exposed monkeys does repre¬ 
sent an examination of complex visual function [148]. 

Evidence that young MeHg-exposed monkeys have difficulty recognizing faces 
even after several presentations have been reported [76, 77]. In these experiments, 
young monkeys were shown faces of monkeys, and the duration of gaze was 
recorded. Exposed monkeys tended to treat previously viewed faces as novel ones. 
These could reflect short-term memory loss or deficient recognition of faces. The 
latter is a function of visual cortex efferent from the primary cortex. 

Sensory effects could result in deficits on tests of human cognitive function. 
Language disorders in children, for example, have been linked to deficits in higher- 
order auditory processing [14, 61]. Dyslexia and other disorders of language devel¬ 
opment have been traced, in some cases, to the initial processing of auditory infor¬ 
mation in the primary auditory cortex. For example, difficulties in distinguishing 
stop consonants can delay language development because of resulting difficulties in 
distinguishing between, say, the phonemes /b/ and /t/, with the consequence that, 
say, the syllables “ba” and “ta” sound the same. It is not known at present whether 
sensory deficits associated with developmental exposure to MeHg have such 
consequences. 

DISCRIMINATION AND MEMORY PROCESSES 

Discrimination and memory processes are disrupted by exposure to numerous drugs 
and toxic substances [105]. It is natural, therefore, to expect that MeHg exposure would 
produce similar effects. However, several studies have failed to show effects of devel¬ 
opmental MeHg exposure on commonly used tests of discrimination or memory. 
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Monkeys exposed during gestation to 50 to 90 pg/kg/day were tested on a 
delayed spatial-alternation procedure [70]. Under a nondelayed spatial-alternation 
procedure, the monkey is presented with two levers, and the lever that is paired with 
the reinforcer alternates after each reinforcer. Thus, a left response is reinforced, 
then a right response, then a left response, and so on throughout the session. The 
delayed spatial-alternation procedure is similar, except that a delay is imposed 
between the previous reinforcer delivery and the opportunity to respond. 

In this procedure, the response-reinforcer relationship remains unchanged 
throughout the session (refer to Figure 7.1): a single response on the left or right 
lever is always reinforced. The context, however, changes with each response. If the 
previous correct response was on the left side, then the next response must be on 
the right side. This procedure therefore emphasizes discrimination processes and 
not the response-reinforcer relationship. No MeHg-induced impairment has been 
found on this task [70]. If anything, the MeHg-exposed monkeys may have per¬ 
formed slightly better than controls. 

Another discrimination-based procedure is the visual discrimination reversal, 
which can be arranged in a T-maze or in an operant chamber. In the traditional 
operant chamber it is arranged as follows. When the key light above the right lever 
is illuminated, responding on that lever is reinforced and responding on the left lever 
is on extinction (EXT, no reinforcement for lever pressing is available). When the 
light above the left lever is illuminated, the opposite is true; responding on the left 
lever is reinforced and responding on the right lever is on EXT. A trial begins when 
a light is illuminated and ends following a response or some specified period of 
time. The active lever varies pseudorandomly from trial to trial. This preparation 
arranges for a perfect correlation between the location of a visual stimulus and the 
location of the lever paired with reinforcement. 

Monkeys exposed gestationally to 10 to 50 pg/kg/day showed no effects on 
nonspatial discrimination reversals in which geometric stimuli served as the discrim¬ 
inative cue indicating which lever to press [145]. Rats have also failed to show 
effects of developmental MeHg exposure on accuracy in visual-discrimination-based 
experiments, even after exposure to as much as 4 mg/kg/day of MeHg (p.o.) during 
gestation, on delayed or nondelayed spatial-alternation procedures using a standard 
T-maze [71]. Mice exposed to 8 mg/kg/day also do not show effects of MeHg on 
standard visual discrimination reversal procedures [46, 72], but in a modification of 
this procedure, females showed some deficits when required to choose the arm 
opposite to one selected in a reference-memory task [72]. 

In a recently published experiment, rats were exposed developmentally to 0.5 
ppm of MeHg in drinking water and trained, as adults, on a spatial discrimination 
reversal task as well as several alternation tasks [182]. There was no effect on the 
spatial discrimination reversal procedure, but developmental MeHg exposure 
resulted in a small but statistically significant increase in the number of errors on 
both delayed and nondelayed (actually a very short delay) spatial-alternation tasks. 
MeHg’s effects were unrelated to the duration of the delay, suggesting that memory 
processes were not affected by MeHg. The pattern of errors indicated a tendency to 
perseverate on a lever, and especially on the lever that did not produce a reinforcer, i.e., 
a “lose-stay” pattern. The authors concluded that the effects reflected a diminished 
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sensitivity to the consequences of the animals’ behavior, an interpretation consistent 
with the hypothesis that MeHg selectively targets the response-reinforcer relation¬ 
ship while sparing discrimination processes. 

In an unpublished dissertation, Paletz identified an effect of developmental 
exposure to MeHg (0.5 and 5 ppm) on spatial and visual discrimination reversal 
performance. MeHg impaired the acquisition of the first reversal, a pattern often 
seen in such procedures. The pattern of errors was nonrandom and was consistent 
with perseveration on the lever associated with extinction. 

DRUG CHALLENGES 

Drug challenges in behaving animals can be used both to test hypotheses deriving 
from in vivo studies and to generate hypotheses for further examination in such 
studies. Thus, this represents a natural area for linking behavioral and neural mech¬ 
anisms of neurotoxicant action. With in vitro approaches, tissues are taken from 
animals exposed to MeHg under some protocol, and the concentration of a neurotrans¬ 
mitter, of metabolites, or of receptors might be examined [173]. These approaches have 
identified monoamine, GABAergic, glutamatergic, and cholinergic pathways as being 
affected by some sort of exposure protocol [9, 11, 18, 103, 106, 129-131]. 

Both monoamine and GABA systems play a role in the developmental neuro¬ 
toxicity of MeHg as reflected in behaving animals [18, 80, 142]. Fully adult rats 
exposed during gestation to MeHg showed enhanced sensitivity to amphetamine (a 
dopamine and noradrenergic agonist) and diminished sensitivity to pentobarbital (a 
GABA agonist) [142]. They did not display sensitivity to a cholinergic or glutamate 
antagonist, nor did they show altered sensitivity to a dopamine receptor blocker. 
These effects have been replicated and extended in unpublished studies in which 
sensitivity to cocaine has been identified but not to arecoline (a muscarinic cholin¬ 
ergic agonist) or clomipramine (a serotonergic agonist). 

Taken together these data indicate that there are long-term, irreversible alterations 
in some aspect of dopaminergic, GABAergic, and perhaps noradrenergic neurotrans¬ 
mitter systems, but not cholinergic, serotonergic, or, perhaps, glutamatergic systems. 
The absence of an effect of haloperidol (a dopamine receptor blocker) suggests that the 
effects lie in the regulation of neurotransmitter levels (i.e., in the generation, release, or 
reuptake) and not in postsynaptic receptors. It should be noted that the absence of an 
effect on glutamate systems might be viewed cautiously because it derives from the 
absence of an effect of a glutamate antagonist. After all, effects of amphetamine and 
cocaine have been seen, but not for haloperidol, a dopamine receptor blocker. The 
glutamate agonists are difficult to work with because many produce their own toxicity, 
so it cannot be concluded that presynaptic effects might be present. 

NEURAL AND BEHAVIORAL MECHANISMS 

In the present review, an argument has been presented that MeHg affects a response- 
reinforcer relationship and leaves relatively intact contextual (stimulus)-control pro¬ 
cesses such as discrimination and memory processes. In this section, we summarize 
the approach used to define a behavioral mechanism and then link it to the neural 
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consequences of MeHg exposure. Specifically, we argue that the behavioral conse¬ 
quences of developmental exposure to MeHg (adult-onset exposure is quite different) 
can be traced to MeHg’s disruption of cortical development and, possibly, of dopa¬ 
mine and GABA pathways. To do this it is necessary to show (a) that a response- 
reinforcer relationship can be isolated experimentally and affected specifically in 
behavioral procedures used to examine MeHg’s neurotoxicity, (b) that the neural 
regions affected have effects similar to what has been seen with MeHg exposure, 
and (c) that developmental MeHg exposure affects development of the appropriate 
neurochemical pathways as well as of the cortex. 

MeHg and the Response-Reinforcer Relationship 

Operant behavior, which is any behavior that is sensitive to its consequences, reflects 
both discrimination (also called stimulus control or, in the more recent literature, 
contextual control) and reinforcement processes. It is impossible to eliminate com¬ 
pletely any category (context, consequence, or response) and still have behavior. 
Contextual control and reinforcement processes can be isolated, however, by arrang¬ 
ing conditions such that one set of processes does not play a differential role, thereby 
allowing the other’s effects to be seen in greater relief [41]. For example, in the 
fixed-ratio acquisition and progressive-ratio experiments, the number of responses 
required for a reinforcer changes frequently but the context remains the same. 
Therefore, contextual processes cannot exert differential control over behavior. On 
the other hand, if stimulus conditions change frequently but reinforcement rates 
remain constant, then contextual control processes are likely to play a major role 
relative to reinforcement processes. 

Under a concurrent schedule, two levers are available simultaneously and lever 
pressing on each one is reinforced. However, responding on one lever is usually 
reinforced at a higher rate than the other. This presents a more complex case than 
the acquisition of FR responding. Evidence suggests that concurrent-schedule pro¬ 
cedures nevertheless tap reinforcement rather than discrimination processes. The 
evidence derives from comparisons of this standard implementation with modifica¬ 
tions that have been made to examine memory [1, 102], sensory [40, 179, 180], or 
discrimination [1, 115] processes. In those experiments, concurrent schedules were 
arranged to highlight contextual control processes and demonstrate the minimal 
degree to which these processes act in the standard arrangement. 

To see this, compare a two-lever concurrent schedule with a two-lever discrim¬ 
ination procedure. For example, under the typical concurrent schedule, the animal 
is presented with a left and a right lever that, when pressed, produce reinforcers at 
rates of one and four reinforcers/min, respectively. Contextual stimuli are limited to 
the spatial location of the levers; after time, right becomes the context for richly 
reinforced lever presses, and left becomes the context for leanly reinforced presses. 
In a subsequent condition, the locations of the levers remain unchanged, but the left 
and right levers produce reinforcers at, say, four and one reinforcers/min respectively. 
The key here is that the context barely changes but the relationship between a 
response and a reinforcer does. Therefore, reinforcement processes should have 
relatively greater, and therefore primary, impact on behavior [41]. 
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Now consider a common discrimination procedure. The animal faces the same 
two levers, but stimulus conditions are explicitly arranged to play a larger role in 
behavior. For example, the left lever may be rich when the houselight flickers, but 
the right lever is rich when the houselight is steady. As these two houselight condi¬ 
tions alternate, the established response-reinforcer relationship between lever press¬ 
ing and food will depend on the houselight. Accordingly, discrimination or contextual 
control processes are allowed to play a larger role in response rates on the two levers 
as the two response-reinforcer relationships (left- and right-lever pressing) are 
brought under the control of the context. If the houselight stimulus is presented and 
then removed before the animal can respond, then the procedure has changed to a 
memory task, and time and discrimination both become factors, but still associated 
with contextual control [1, 102]. This approach may be too complicated to study 
discrimination or memory processes per se , but has been used successfully to 
examine competing control between discrimination and reinforcement processes [1, 
40, 115, 179, 180]. 

Note that in a “spatial discrimination reversal” procedure, an analysis similar to 
the one used with simple concurrent schedules applies, except that the difference in 
reinforcement rates on the two levers is more extreme: one reinforcer/response and 
extinction for one set of sessions and the reverse for a second set. This is a large 
difference between reinforcement rates that could increase the role of discrimination 
processes, but the dominant influence still seems to be the relationship between 
pressing a lever and receiving a reinforcer. After all, the largest change is in the 
response-reinforcer relationship (left lever produces reinforcement, then the right 
lever produces reinforcement); the animal always faces the same two levers. 

This stands in contrast to a “visual discrimination reversal” which, although it 
sounds similar to a spatial discrimination reversal, may functionally be quite differ¬ 
ent. In the visual discrimination procedure, a light is presented over the lever that 
will produce a reinforcer. As usually implemented, this will be the left lever for half 
of the trials. Thus, the stimulus conditions change from trial to trial: sometimes the 
light is over the left lever and sometimes it is over the right. The discrimination is 
more complex because it enlists multiple sensory systems and ignores spatial posi¬ 
tion. The animal still faces two levers, as in the spatial discrimination reversal, but 
left lever presses are reinforced only if the light is on over the left lever (and lights 
can be aversive to nocturnal rats), and they are not reinforced if the light is over the 
right lever. We have conducted visual and spatial discrimination reversals with Long- 
Evans rats, and they are quite different procedures. The spatial discrimination can 
be acquired in 3 to 10 sessions, depending on the rat. The visual discrimination can 
take as few as 10 and as many as 90 sessions to acquire. This could represent a case 
in which it might be assumed that behavior is under the control of something simple, 
like which lever the light is over, but instead the controlling context is more complex 
and could be the entire configuration of stimuli (see Carter and Werner [22]). 

The idea that discrimination and reinforcer processes are distinct, independent, 
and experimentally separable has been examined rigorously and quantitatively in 
empirical and theoretical treatments [1, 41, 101]. Thus, while it is impossible to 
remove the role of context or the role of consequences from studies of operant 
behavior, it is possible to arrange conditions so that the role of one process is minimal 



Developmental Behavioral Toxicity of Methylmercury 


131 


across all opportunities to behave while the role of the other is exaggerated. This 
minimizes or eliminates its role in differentiating behavior and permits the other set 
of processes to play a large role. 

Dopamine, the Cortex, and Response-Reinforcer Relationships 

The complexities involved in separating learning and memory in behavior are shared 
with attempts to distinguish neural pathways. In a sense, the distribution of behav¬ 
ioral processes that contribute to the origin and maintenance of behavior is reflected 
in the distribution of function throughout the intact central nervous system. The 
behavioral distinction between a response-reinforcer relationship and the context in 
which it occurs, i.e., between reinforcement and discrimination or contextual control 
processes, is consistent with broad distinctions made in the structure and pharmacology 
of certain neural pathways [45]. It is well established that reinforcement processes 
underlying the role played by consequences in voluntary behavior are mediated by 
dopamine pathways [156, 164, 183]. These pathways originate with dopamine-contain¬ 
ing cell bodies in midbrain structures, especially the ventral tegmental area. 

Monoamine systems, including dopamine and noradrenergic pathways, in frontal 
areas also play a role in perseveration, impulsivity, and choice [51, 86, 108] as well 
as in behavior under progressive ratios of reinforcement [85, 107]. The effects on 
progressive ratios are generally consistent with our observations that fixed-ratio 
acquisition and progressive ratios are affected by MeHg exposure. The results of 
these studies and ours may differ in some important specifics. For example, lesions 
of the orbital-frontal cortex increased response rates under progressive-ratio sched¬ 
ules at smaller ratio values, consistent with our observations. These lesions also 
decreased the maximum ratio that the animal would tolerate, but that is not consistent 
with our observations. 

The activity of midbrain dopamine-containing neurons is powerfully influenced 
by the delivery of reinforcing consequences. Midbrain dopamine neurons are impor¬ 
tant to the monitoring of reinforcing consequences and, especially, to discrepancies 
between a current consequent and previously presented ones, i.e., to “prediction 
errors” [159]. A suggestion that these neurons’ activity may preclude choice derives 
from the presence of (a) midbrain dopamine-containing neurons that fire selectively 
when the reinforcer is larger than anticipated and (b) separate neurons that fire when 
the reinforcer is smaller than anticipated [60, 167]. 

Further evidence for the involvement of dopamine pathways in mediating choice 
and the response-reinforcer relationship derives from studies in which dopamine 
antagonists alter the preference for a food reinforcer without changing overall food 
intake. For example, when presented with a choice between lever pressing under an 
FR-5 schedule for a preferred food pellet and a standard chow pellet placed on the 
floor of the operant chamber, a rat will press a lever for the preferred food pellet. 
Administration of D1 and D2 antagonists does not alter the total food intake, but 
they do dramatically distort choice by shifting preference away from the preferred 
one and toward the previously nonpreferred alternative [157]. 

Distortions of the role of consequences can appear as impulsivity or persevera¬ 
tion. While these are not single behaviors with a specific neural mechanism, there 
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is evidence that dopamine pathways originating in the VTA participate in many of 
the behaviors that are described as impulsive or perseverative [52]. Amphetamine, 
a dopamine agonist, can result in rapid switching between two response alternatives 
in a choice procedure, foster perseveration of lever pressing after a reinforcer is 
delivered [54], or promote persistent responding on a lever that has not produced 
reinforcement [53]. 

Studies in which the activity of individual neurons has been tracked as animals 
engage in certain voluntary behaviors suggest that the nucleus accumbens, basal 
ganglia, and frontal cortical structures are involved with the sorts of behavior that 
MeHg affects. Cortical processes and dopamine pathways seem to be the most likely 
candidate at present. Neurons in the nucleus accumbens appear to keep track of the 
type of reinforcer that has been presented [19, 20, 156]. Striatal neurons evolve 
specific response patterns only after some experience with a response-reinforcer 
relationship, and would therefore be involved with steady-state, “automatic” 
responding [156, 160]. Only at higher exposure levels does MeHg affect steady- 
state behavior more than behavior in transition, and only at higher levels does it 
appear in the basal ganglia. 

Dopamine cell bodies in the midbrain send fibers to, among other places, the 
nucleus accumbens, striatum, and cortex [32, 58]. Experiments with nonhuman 
primates implicate the involvement of frontal cortical regions, especially the orbital 
frontal cortex, in choice. Neurons in frontal cortical areas come into play when a 
novel response-reinforcer relation is encountered, at least with a spatial task [160, 
170]. In addition, cortical neurons have been identified that fire specifically when 
the subject (a monkey) is presented with the preferred of two consequences in a 
choice setting, regardless of the nature of the consequences [171]. 

Where they have been characterized, frontal cortical regions play a crucial role 
in the orchestration and expression of choice. For example, the firing rates of neurons 
from the orbital frontal cortex of monkeys were monitored as they chose between 
reinforcers of differing value [170]. Monkeys were trained with three stimuli, each 
paired with separate reinforcers: stimulus A was preferred to B, which was preferred 
to C. Neurons were identified that consistently responded to B when it was presented 
with C (i.e., B was preferred), but that responded to A, and not B, when A and B 
were presented. Thus, in this experimental context, these neurons came to respond 
to the better of two stimuli, suggesting that this cortical region participants in choice. 

The delay-discounting procedure links choice to impulsivity. In this procedure, 
an animal is presented with two alternatives: a small reinforcer delivered immediately 
or a larger one delivered after a time delay. The larger, later reinforcer is discounted 
by the delay to its delivery. If, for example, the choice is between a dollar now or 
two dollars in one minute, then one might wait a minute for two dollars. However, 
if the choice is between one dollar now and two dollars in a year, the subject is 
likely to choose the smaller, immediate reinforcer. This procedure entails the scaling 
of both the relative magnitude of reinforcement and the relative delays. In a rodent 
model, lesions to the orbital prefrontal cortex of the rat significantly distort the 
scaling of both the relative magnitude and the delay in such a way that longer delays 
sometimes are tolerated [86]. 
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Other areas of the cortex have also been implicated in the expression of choice. 
Neurons in the parietal cortex fire differentially for preferred rewards [140, 165]. 
The premotor cortex has been shown to be involved with discrimination reversal 
tasks, reminiscent of differential effects reported with methylmercury [136]. All this 
is not meant to imply that cortical areas play no role in memory. Certainly they do, 
especially those involving working memory [94], but many of the procedures used 
in neurotoxicity testing tap subcortical structures, such as the hippocampus. 

Taken together, the cited literature indicates that the role of consequences in 
selecting responses, as well as in choice, perseveration, and perhaps in impulsive 
behavior, can be separated behaviorally from contextual control processes present 
in discrimination and memory tasks. Neural mechanisms underlying this behavioral 
category involve dopamine pathways originating in the midbrain and spreading to 
other regions, including the cortex. Cortical regions are clearly involved in mediating 
the role of consequences and of differential consequences arising from choice situ¬ 
ations. 

Neural Effects of MeHg Exposure 

The profile of MeHg’s developmental behavioral toxicity profile is consistent with 
the sensitivity of laminar neural structures, such as the cortex, to developmental 
MeHg exposure. Some of the earliest animal models of MeHg neurotoxicity as well 
as postmortem examination of exposed humans implicate disruptions in cell migra¬ 
tion and associated derangement of the layers characteristic of the neocortex or 
cerebellum [29, 154]. In other experiments with nonhuman primates, MeHg induces 
the presence of reactive glia in the visual cortex [27, 28]. 

The sensitivity of the neocortex has been noted also with developmental exposure 
to low-to-moderate levels of MeHg [8]. In that study, the effects were especially 
pronounced in the occipital neocortex, but were also noted in basal forebrain nuclei, 
hippocampus, and brain-stem nuclei. In the cortex, MeHg exposure resulted in 
distortions of the morphology and size of cortical lamina of 10- and 21-day old rats. 
This exposure interfered with the nerve growth factor (NGF) signal cascade (i.e., 
NGF transduction), resulting in a dramatic loss of neurites on neurons as well as 
decreased cell density and cell size in the occipital neocortex of rats [133-135]. In 
in vitro models (PC 12 and cortical cells), MeHg’s effects occurred after differenti¬ 
ation had taken place and were specific to the important developmental processes 
of dendritic elaboration and axogenesis. These are the processes by which neurons 
contact and communicate with one another and by which the activity of one portion 
of the nervous system influences or modulates activity in another. 

Neurite outgrowth was impaired at mercury concentrations as low as about 30 
n M, or about 0.006 ppm, in the medium, concentrations that were 40-fold lower 
than those that resulted in cytotoxicity. At first, this concentration sounds extraor¬ 
dinarily low, close to background levels, but the concentration in tissue is substan¬ 
tially higher than that in medium [104]. In the studies showing impaired neurite 
formation at 0.006 ppm, the concentration of mercury inside cortical cells was on 
the order of 0.3 to about 3 ppm. This compares with brain concentration of 0.5 to 
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9.5 ppm in neonates using the exposure protocol reported by Newland and col¬ 
leagues, a protocol that altered choice in transition, high-rate behavior, and sensitivity 
to amphetamine [120, 123, 125]. 

Neurochemically, methylmercury exposure targets catecholamines, including 
dopamine, as well as GABA systems. Both dopamine and GABA neurotransmitter 
systems are closely linked to reinforcement processes. In adult rats, the presence of 
MeHg in striatum produces dose-dependent increases in dopamine in this region, 
one of the regions receiving dopamine projections that originate in the midbrain 
[55-57]. In in vitro striatal punches, the presence of MeHg increases the concentra¬ 
tion of dopamine in extracellular media and decreases its concentration in the neuron, 
an effect consistent with enhanced release of dopamine [11]. Postnatal developmental 
exposure produced dose-dependent increases in the turnover of catecholamines 
(dopamine and norepinephrine) at 20 to 40 days of age. With developmental expo¬ 
sure, GABA systems in the cortex are also especially sensitive [130], although 
norepinephrine systems seem to be more sensitive in the caudate-putamen [131]. 
The aforementioned neurochemical effects were seen in the tissue of adults after 
developmental MeHg exposure or from tissue exposed in vitro , so they are relevant 
to developmental exposure. 

The behavioral significance of these effects has been demonstrated using drug 
challenges in behaving animals. Developmental exposure to methylmercury (rela¬ 
tively high levels compared with contemporary exposure protocols) affect sensitivity 
to amphetamine, a dopamine and noradrenergic agonist in relatively young animals 
[17, 18, 47, 80, 153]. Moreover, these effects are specific to certain drug classes, 
extend into fully adult animals, and arise with dosing protocols involving relatively 
low exposure levels, suggesting that they represent permanent changes in the neu¬ 
rochemical tone of the intact nervous system under physiologically relevant condi¬ 
tions [142]. Adult rats exposed during gestation to MeHg (0.5 and 6 ppm, resulting 
in 40 and 500 pg/kg/day) were especially sensitive to amphetamine when tested as 
adults [142]. They were also relatively insensitive to pentobarbital, a GABA agonist. 
No specific sensitivity was demonstrated to a cholinergic or glutamatergic antagonist. 
An unpublished study in our lab shows no sensitivity to cholinergic or serotonergic 
agonists. 


CONCLUSION 

Methylmercury is a neurotoxicant that is well known to disrupt sensory-motor 
function with adult-onset exposure and, at high exposure levels, to produce cerebral 
palsy-like signs and mental retardation after developmental exposure. It is becoming 
evident that alterations in cognitive or intellectual function appear with low-level 
exposures. While these effects can be subtle, they can carry a significant economic 
cost [169]. 

The pattern of behavioral effects seen in animal studies of developmental MeHg 
exposure suggests a disruption in the acquisition or maintenance of a response- 
reinforcer relationship, with minimal contribution from contextual (stimulus)-control 
processes such as discrimination or even memory. The effects include disruption of 
choice, the acquisition of choice, persistent or perseverative responding on changing 
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fixed-ratio schedules, and effects on discrimination reversal procedures suggestive 
of perseveration or diminished sensitivity to the consequences of behavior. Animal 
studies even suggest behavioral interventions to ameliorate MeHg’s effects, inter¬ 
ventions that entail the exaggeration of the discrepancy in the relative rate of rein¬ 
forcement from concurrently available response alternatives. Behavioral procedures 
that tap memory processes are relatively insensitive to MeHg exposure. Where 
memorial processes do apply, they seem to involve what has been called “working 
memory,” which entails stimuli that the animal must remember but that can change 
from task to task. 

Studies of cortical function indicate that these are the very behavioral processes 
that affect the response-reinforcer relationship, choice, and perseveration. Drugs that 
act on dopamine systems have behavioral effects that include alterations in choice, 
in delay discounting, and in perseveration. The activity of neurons in dopamine-rich 
midbrain areas and of neurons in selected cortical areas is sensitive not just to 
reinforcer deliveries, but also to the relative value of different reinforcing conse¬ 
quences as compared with others that are available concurrently. This pattern of 
effects is, therefore, consistent with the neuroanatomical and neurochemical effects 
of developmental MeHg exposure. 

Finally, in postmortem examination of methylmercury-exposed people as well 
as in experimental methylmercury exposures in laboratory rodents, the size and 
interconnectivity of the neocortex appears to be especially sensitive to developmental 
exposure. Psychopharmacological challenges have implicated both dopamine and 
GABAergic systems as being permanently altered by developmental methylmercury 
exposure. Taken together, these raise the possibility that developmental methylmer¬ 
cury exposure is a model of abnormal cortical development with effects that implicate 
the sensitivity of behavior to reinforcing consequences. 
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INTRODUCTION 

Polychlorinated biphenyls (PCBs) were first manufactured in the 1930s for industrial 
use. While they were eventually banned in the 1970s, their extreme stability allowed 
them to bioaccumulate over time, such that they remain one of the most prevalent 
environmental contaminants. A large number of research studies have focused on 
the neurotoxic properties of PCBs. Interpreting and synthesizing the results of these 
studies is challenging because special consideration must be given to (a) the class 
of PCB congeners examined, (b) the age at the time of PCB exposure, and (c) the 
specific neurological or behavioral function assessed. Nevertheless, animal models 
of developmental PCB exposure have contributed significantly to our understanding 
of the specific cognitive domains affected by exposure. In particular, a number of 
well-controlled experiments using animal models have assessed cognitive function, 
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specifically executive function, following developmental PCB exposure in monkeys 
and rodents. Generally speaking, executive functions are higher-order cognitive 
processes involved in the planning, sequencing, and control of goal-directed behav¬ 
iors. Specifically, these processes include formulating strategies as well as initiating, 
inhibiting, and shifting responding when necessary. 

This chapter reviews the experiments examining executive function in animals 
following PCB exposure. The results of the animal studies are then compared and 
contrasted with the results of relevant epidemiological studies using cognitive tasks 
that tap similar functional domains. To provide some background, the different 
classes of PCB congeners (coplanar vs. ar/7zo-substituted) are reviewed first. A brief 
summary of the literature on exposure to coplanar PCB congeners in animals during 
development is included, but coplanar PCBs will not be discussed in detail because 
they appear to have relatively minor effects on cognitive function. The remainder 
of the chapter focuses on research examining executive function in animals following 
exposure to single ar/Tzo-substituted PCB congeners as well as PCB mixtures. 

CLASSES OF PCB CONGENERS 

The PCB molecule consists of a biphenyl ring structure that has a carbon-carbon 
bond between carbon 1 on one ring and carbon V on the other ring (Figure 8.1). 
The remaining ten carbon positions are available for chlorine substitution. Thus, 
there are 209 different PCB congeners which, depending on the number and position 
of chlorine atoms on the molecule, differ in their chemical and physical properties 
as well as their toxicity. Chlorines bonded to a carbon immediately adjacent to the 
biphenyl ring bond (positions 2 or 2' and 6 or 6') are in an ortho position. Meta- 
bonded chlorines are attached on carbons 3 or 3' or 5 or 5', and para-bonded chlorines 
are attached to carbons 4 or 4'. In general, the congeners are classified into two main 


3 2 2’ 3’ 



Ortho chlorines = 2, 2’, 6, 6’ 
Meta chlorines = 3, 3’, 5, 5’ 
Para chlorines = 4, 4’ 


FIGURE 8.1 Structural formula of an unsubstituted PCB molecule. 
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classes: coplanar and ortho- substituted. Coplanar congeners have zero or one ortho 
chlorines, two meta chlorines, and at least one para chlorine. This configuration 
allows the molecule to assume a planar configuration. The ortho -substituted PCB 
congeners have two or more ortho chlorines that repel each other and keep the 
molecule from assuming a planar conformation. 

Coplanar PCB congeners including PCB 77 (3,3',4,4'-tetrachlorobiphenyl), 
PCB 126 (3,3',4,4',5-pentachlorobiphenyl), and PCB 169 (3,3',4,4',5,5 / -haxachloro- 
biphenyl) have chemical structures and properties that resemble dioxins (PCDDs) 
and dibenzofurans (PCDFs). Coplanar PCBs, PCDDs, and PCDFs interact with the 
aryl hydrocarbon (Ah) receptor protein to produce their toxic effects and can do so 
at very low doses (Rowlands and Gustafsson, 1997). Ortho -substituted PCB conge¬ 
ners have a much lower affinity for the Ah receptor, require higher doses to produce 
acute toxicity, and produce a pattern of toxic effects different from that of coplanar 
PCBs, PCDDs, and PCDFs. 

Even though they have greater acute toxicity, developmental exposure to copla¬ 
nar PCBs produces few deficits on tests of executive function in rodents or monkeys 
(Schantz and Widholm, 2001). For example, rats exposed to coplanar PCBs during 
gestation or lactation have shown no deficits on visual discrimination learning 
(Bernhoft et al., 1994), spatial learning (Schantz et al., 1996; Rice, 1999), two 
different tests of attention (Bushnell and Rice, 1999), or operant schedules including 
fixed ratio, progressive ratio, and differential reinforcement of low rates (Rice and 
Hayward, 1998; Rice and Hayward, 1999). 

Deficits in performance on a fixed-interval (FI) operant schedule have been 
reported (Holene et al., 1995; 1998). However, reinterpretation of the data from 
Holene et al. (1995) suggested that no decrement was present (see Schantz and 
Widholm, 2001), and a similar study assessing FI found no clear-cut deficits attrib¬ 
utable to coplanar PCB exposure (Rice and Hayward, 1998). A deficit attributable 
to coplanar PCB exposure was observed when the task included a series of three 
concurrent random interval-random interval (RI-RI) schedules, but the deficit was 
limited to the first schedule in the series (Rice and Hayward, 1999). 

ORTHO-SUBSTITUTED PCB CONGENERS 

Unlike the coplanar PCBs, deficits on a variety of behavioral tasks have been 
observed following exposure to individual ortho-substituted PCB congeners and 
PCB mixtures. The discussion in this chapter is limited to a discussion of tests of 
executive functions that rely on cognitive processing within the prefrontal cortex 
(PFC), including tests of cognitive flexibility, working memory, and inhibitory con¬ 
trol (IC). 

Cognitive Flexibility 

Cognitive flexibility is an assessment of the ability to transfer knowledge and skills 
beyond initial learning to new situations with different demands. Reversal learning 
(RL) is a type of discrimination learning that measures cognitive flexibility. Subjects 
are required to discriminate between two possible actions and choose the correct 
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action to obtain a reward. Once the action-outcome association is well learned, the 
response requirement is shifted such that the previously incorrect action is now 
required to obtain the reward. The response “reversals” are done to evaluate how 
flexible the subject is at adjusting goal-directed behavior as a result of changes to 
the action-outcome association. 

In a spatial RL problem, a response on either the left or the right side is the 
correct option for each trial within the particular phase. The subject must figure out 
which side is the correct one and respond on that side to obtain the reward. For 
visual RL, a specific characteristic such as the color or shape of a discriminative 
cue varies between the response options and is independent of location. The subject 
is required to figure out which characteristic is the relevant one and then respond 
consistently to that visual cue. In both spatial and visual RL, the initial phase is 
known as original learning (OL). Once a predetermined criterion is attained on OL, 
the animal is often overtrained for a few more sessions before a reversal is made. 
A series of reversals is usually given, and the first reversal is typically the most 
difficult for the subject to learn. With progressive reversals, a “learning set” (Harlow, 
1949) develops whereby the animal formulates a strategy for dealing with the new 
response requirement. Establishment of the learning set allows the response shift to 
be learned in fewer trials, with fewer errors being made in the process. 

A number of studies have examined RL in monkeys exposed to PCBs during 
gestation or lactation (Table 8.1). In one such study, female rhesus monkeys were 
fed 2.5 ppm or 5.0 ppm of the commercial PCB mixture Aroclor 1248 (primarily 
te^ra-chlorinated congeners, 48% chlorine by weight). Daily exposure occurred via 
the monkeys’ chow for 16 to 21 months beginning approximately 8.5 to 13.5 months 
prior to conception and continuing until 3 months of lactation were completed 
(Bowman et al., 1978). Offspring of the dosed mothers and age-matched controls 
were weaned at 4 months and later tested on spatial, color, and shape reversal learning 
at 6, 7, and 8 months of age, respectively. Offspring of the treated animals showed 
deficits on the spatial and color reversal tasks, but shape discrimination reversal 
learning was not affected. Offspring born 18 months after the dosing of the female 
rhesus monkeys with 2.5 ppm Aroclor 1248 showed no deficits on spatial, color, or 
shape RL when compared with age-matched controls (Schantz et al., 1989). Chem¬ 
ical analyses revealed that the PCB concentration was significantly lower in the milk 
fat during the postexposure study, suggesting a lesser degree of exposure. 

In a second follow-up experiment, female monkeys were dosed with Aroclor 
1016 (primarily di- and trichlorinated congeners, 42% chlorine by weight). Mothers 
were given 0.25 ppm or 1.0 ppm Aroclor 1016 (7 days/week) in their chow beginning 
7 months prior to breeding and continuing until weaning at 4 months of age. In 
addition, the mothers given 2.5 ppm Aroclor 1248 were bred again 32 months after 
PCB exposure had ended. The offspring were trained on a simple spatial RL problem 
and then on modified spatial, color, and shape RLs in which additional but irrelevant 
cues were present. Compared with age-matched controls, infants whose mothers 
were exposed to 1.0 ppm Aroclor 1016 required more trials to learn the simple 
spatial RL problem. The offspring born to mothers who were given 0.25 ppm Aroclor 
1016 or to mothers previously exposed to 2.5 ppm Aroclor 1248 were not impaired 
on simple spatial RL (Schantz et al., 1989). 
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TABLE 8.1 

Effects of PCB Exposure on Cognitive Flexibility 


Exposure/Cohort 

Species 

Dose and Timing 

Results of Exposure 

Reference 

Aroclor 1248 

Monkey 

2.5 or 5.0 ppm; 

T Spatial and color RL 

Bowman et al., 



preconception, 
gestation, and lactation 

- Shape RL 

1978 



2.5 ppm; preconception 

- Spatial, shape, or 

Schantz et al., 



(dosing ended 18 
months before births) 

color RL 

1989 



2.5 ppm; preconception 

- Simple spatial. 

Schantz et al., 



(dosing ended 

modified spatial, 

1989 



32 months before 

or color RL 




breeding) 

T Shape RL 


Aroclor 1016 

Monkey 

0.25 or 1.0 ppm; 

si Simple spatial RL 

Schantz et al., 



preconception, 

(1.0 ppm only) 

1989 



gestation, and lactation 

- Modified spatial 





or color RL 





T Shape RL 


Mixture of 

Monkey 

7.5 pg/kg/day; birth to 

- Color, shape, or spatial 

Rice and 

congeners in 


20 weeks of age 

RL 

Hayward, 

breast milk 




1997; 

Rice, 1998 

Aroclor 1254 

Rat 

6 mg/kg/day; gestation 

si Spatial RL by males 

Widholm et al., 



and lactation 

on first reversal and 

2001 




females on fourth and 





fifth reversal 


Michigan 

Human 

Exposure varied; 

si Performance on WCST 

Jacobson and 



gestation and lactation 


Jacobson, 

2003 


Note : T = impaired performance; T = enhanced performance; - = no effect; RL = reversal learning; 
WCST = Wisconsin Card Sorting Task. 


No deficits on modified spatial or color RL were observed in any of the treatment 
groups. However, PCB exposure produced an interesting change in performance on 
shape RL. Offspring of mothers exposed to 1.0 ppm Aroclor 1016 and 2.5 ppm 
Aroclor 1248 required significantly fewer trials than controls to reach criterion when 
shape was the relevant stimulus cue and spatial location and color cues were present 
but irrelevant to solving the problem. A similar pattern was observed in offspring 
of animals exposed to 0.25 ppm Aroclor 1016, although the difference from controls 
was not significant (Schantz et al., 1989). Controls appeared better able to dismiss 
the irrelevant color and shape cues during the modified spatial RL task given first, 
but then had a harder time recognizing the relevance of the shape cue during the 
shape RL task given later. The PCB-treated monkeys were apparently less focused 
on spatial location during the spatial RL tasks given first, allowing them to more 
efficiently focus on shape when it became relevant later. In fact, when irrelevant 
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shape and color cues were not included during the spatial RL problem given first 
in previous experiments, no improvement by PCB-exposed monkeys was observed 
on shape RL. 

The effects of postnatal PCB exposure on reversal learning have been examined 
in a study modeling mammary transmission of PCBs. Male monkeys were dosed 
from birth until 20 weeks of age with 7.5 pg/kg/day of a PCB mixture that included 
15 PCB congeners regularly detected in human breast milk in Canada (Mes and 
Marchand, 1987). The exposed monkeys were compared with age-matched controls 
on color and shape RL. PCB exposure did not significantly affect performance on 
either the shape, color, or spatial RL tasks (Rice and Hayward, 1997; Rice, 1998). 
While previous studies examining RL in monkeys did find deficits (Bowman et al., 
1978; Schantz et al., 1989), the dosing regimen in those studies included both pre- 
and postnatal exposure. In contrast, the Rice studies only examined postnatal expo¬ 
sure. The PCB mixture was also quite different from those used in the earlier studies, 
which could explain the disparity in results. 

Spatial RL has also been assessed in rats following PCB exposure during ges¬ 
tation and lactation (Widholm et al., 2001) (Table 8.1). Long-Evans rats were given 
0 or 6 mg/kg/day Aroclor 1254 (primarily penta- and hexachlorinated congeners, 
54% chlorine by weight) from gestational day 6 to postnatal day 21. One male and 
one female from each litter were tested on spatial RL using standard two-lever 
operant testing chambers. OL and five spatial reversals were completed. There were 
no differences between the exposed and control rats on OL. However, Aroclor 1254- 
exposed males made more errors than control males on the first reversal. The exposed 
females, on the other hand, made more errors during the fourth and fifth reversals. 

Analysis of the response patterns indicated that the increased errors seen for the 
male and female rats were due to different underlying deficits. For the males, the 
increased error rate on the first reversal was due to their tendency to perseverate on 
the previously correct, now incorrect, lever. In other words, the exposed males took 
longer to adopt a new response strategy, suggesting a lack of inhibitory control. The 
males were able to recover and perform the task equal to controls on later reversals. 
The increased errors committed by the females during reversal four and five were 
not due to perseverative responding. Instead, the increase in errors seemed to be due 
to impaired acquisition of a learning set. While the exposed females did require 
fewer trials with each additional reversal, they required significantly more trials than 
the controls, suggesting they were not able to learn the response strategy as effi¬ 
ciently. 

Overall, reversal learning deficits have been reported in most, but not all, PCB 
studies using animal models. These deficits are present whether gestational and 
lactational exposure is to PCB mixtures containing mostly lightly chlorinated con¬ 
geners (Schantz et al., 1989) or more highly chlorinated congeners (Bowman et al., 
1978; Widholm et al., 2001). Postnatal exposure to a PCB congener mixture repre¬ 
sentative of that found in human breast milk did not produce measurable spatial RL 
deficits (Rice, 1998). 

The experiments examining RL in animals exposed to PCBs relate well to what 
has been observed in exposed children (Table 8.1). In particular, performance deficits 
were observed on the Wisconsin Card Sorting Task (WCST) in 11-year-old children 
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of the Michigan cohort, whose mothers had eaten PCB-contaminated Lake Michigan 
fish during gestation and lactation (Jacobson and Jacobson, 2003). The WCST is a 
neuropsychological task similar to reversal learning, which requires the participant 
to sort cards that vary on three dimensions: color, shape, and number. Only the 
experimenter knows the correct stimulus dimension, and the participant is told after 
each card if he/she has sorted correctly. If incorrect, the participant must sort 
according to another stimulus dimension. Once correct, the participant is required 
to continue until ten consecutive cards have been sorted correctly. At that point, the 
experimenter changes the stimulus dimension without warning, and the ability of 
the participant to change his/her response strategy is observed. In this sense, the 
task is similar to RL because the response requirement is changed after a particular 
action-outcome association is well learned. The participant must adjust his/her goal- 
directed behavior to succeed at the task. The ability to make the adjustment is 
indicative of the participant’s cognitive flexibility. Children prenatally exposed to 
PCBs had difficulty changing response strategy when the stimulus dimension 
changed. Instead, they failed to make the switch and perseverated on the previously 
correct stimulus dimension, even when told it was no longer correct (Jacobson and 
Jacobson, 2003). 

Working Memory 

Deficits in working memory can be assessed on alternation tasks that require the 
subject to alternate between two responses from one trial to the next. Alternation 
tasks can be based on visual cues (e.g., presence versus absence of cue lights) or 
on spatial location (e.g., left versus right). When a delay is interposed between trials, 
a working-memory component is added to the task. During the delay, the subject 
must maintain a memory trace of the previous response, such that it can correctly 
respond to the alternative cue after the delay. 

The effects of prenatal PCB exposure on delayed spatial alternation (DSA) have 
been examined by a number of investigators in both monkeys and rodents (Table 
8.2). The earliest experiment by Levin et al. (1988) compared DSA performance in 
control monkeys with age-matched monkeys chronically exposed to Aroclor 1248 
(2.5 ppm in diet) or Aroclor 1016 (0.25 or 1.0 ppm in diet) during gestation and 
while nursing until 4 months of age. They were tested at 4 to 6 years of age and 
had previously been tested on a series of RL problems (Schantz et al., 1989). Variable 
delays of 5, 10, 20, and 40 sec were used in counterbalanced order. 

When compared with controls, Aroclor 1248 exposure resulted in a reduction 
in the percent correct at the 5-, 10-, and 20-sec delays. There was no difference 
between the control and PCB-exposed rats at the 40-sec delay, primarily due to a 
drop in performance by the control monkeys. Given that impaired performance in 
the PCB-exposed monkeys was observed at even the shortest delay, the observed 
deficit does not appear to be attributable to a decay in the memory trace. Instead, it 
seems that PCB-exposed monkeys are unable to adequately establish the memory 
trace at the offset of the preceding trial, suggesting an attentional or associational 
impairment. This type of deficit on the DSA task is characteristic of damage to the 
prefrontal cortex (Miller and Orbach, 1972; Skeen and Masterton, 1976; Treichler 
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TABLE 8.2 

Effects of PCB Exposure on Working Memory 


Exposure/Cohort 

Species 

Dose and Timing 

Results of Exposure 

Reference 

Aroclor 1248 

Monkey 

2.5 ppm; preconception, 
gestation, and lactation 

i DSA 

Levin et al., 1988 

Aroclor 1016 

Monkey 

0.25 or 1.0 ppm; 
preconception, 
gestation, and lactation 

si DSA (1.0 ppm); 

T DSA (0.25 ppm) 

Levin et al., 1988 


Rat 

10 mg/kg/day; gestation 

and lactation 

- DSA 

Zahalka et al., 2001 

Mixture of 
congeners in 

breast milk 

Monkey 

7.5 gg/kg/day; birth to 

20 weeks of age 

si DSA 

Rice and Hayward, 

1997 

Aroclor 1254 

Rat 

8 mg/kg/day; gestation 
and lactation 

6 mg/kg/day; gestation 

and lactation 

DSA 

si DSA 

Zahalka et al., 2001 

Widholm et al., 

2004 

PCB 28 

Rat 

8 or 32 mg/kg/day; 
gestation 

si DSA in females 
at highest dose 

Schantz et al., 1995 

PCB 118 

Rat 

4 or 16 mg/kg/day; 
gestation 

si DSA in females 
at highest dose 

Schantz et al., 1995 

PCB 153 

Rat 

16 or 64 mg/kg/day; 
gestation 

si DSA in females 
at highest dose 

Schantz et al., 1995 

Michigan 

Human 

Exposure varied; 
gestation and lactation 

si Fagan test and 
McCarthy memory 

scale 

si Sternberg test and 
WISC-R digit-span 

test 

Jacobson et al., 

1985 

Jacobson et al., 
1992;Jacobson 
and Jacobson, 
1996;Jacobson 
and Jacobson, 

2003 

Oswego 

Human 

Exposure varied; 
gestation and lactation 

si Fagan test 
- McCarthy memory 

scale 

Darvill et al., 2000; 
Stewart et al., 

2003b 

Dutch 

Human 

Exposure varied; 
gestation and lactation 

si GCI and McCarthy 
memory scale in 
children with low-IQ 
parents or young 

mothers 

Vreugdenhil et al., 
2002; Vreugdenhil 
et al., 2004 

German 

Human 

Exposure varied; 
gestation and lactation 

- Fagan test 

Winneke et al., 1998 

Faroe Islands 

Human 

Exposure varied; 
gestation and lactation 

- PCB-related effects 

on WISC-R digit- 
span test, Bender 
visual-motor test, 

and CVLT 

Grandjean et al., 

2001 
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TABLE 8.2 

Effects of PCB Exposure on Working Memory (continued) 

Exposure/Cohort Species Dose and Timing Results of Exposure Reference 

North Carolina Human Exposure varied; - McCarthy GCI Gladen and Rogan, 

gestation and lactation or memory scale 1991 

Note : i = impaired performance; T = enhanced performance; - = no effect; DSA = delayed spatial 
alternation; WISC-R = Wechsler Intelligence Scale for Children — Revised; GCI = general cognitive 
index (of McCarthy); CVLT = California Verbal Learning Test. 


et al., 1971) and, in particular, of damage to the mesocortical dopamine pathway 
(Murphy et al., 1996). A perseveration problem became evident when the types of 
errors made by the PCB-exposed monkeys were examined more closely. Specifically, 
the PCB-exposed monkeys committed a significantly higher number of win-stay 
errors. Win-stay errors occur when a monkey makes a correct response (win) fol¬ 
lowed by an incorrect response on the same side (stay) instead of switching to the 
opposite side. There were no differences in response latency between the PCB- 
exposed and control monkeys, indicating that there were no differences in motor 
control or motivation to perform the task. 

The effects of Aroclor 1016 were more subtle and difficult to interpret. No 
significant effects of PCB exposure were found at any of the individual delays. 
Averaged across delays, neither exposure group was significantly different from 
controls, but the 0.25-ppm and 1.0-ppm groups were significantly different from 
each other. With increasing sessions, the low-dose group showed facilitated perfor¬ 
mance on the DSA task relative to controls, while the high-dose group looked 
impaired. Similar biphasic dose effects have been observed on the DSA task fol¬ 
lowing postnatal exposure to lead (Levin and Bowman, 1986; 1988). The authors 
hypothesized that low PCB and lead exposure may have filtered out peripheral 
stimuli and ultimately narrowed the monkeys’ focus of attention to the relevant 
stimuli, while high levels of exposure produced a global reduction in attention to 
all cues (relevant or not). Gestational and lactational exposure to 10 mg/kg/day 
Aroclor 1016 in rats produced no notable spatial alternation deficits, although per¬ 
formance at different delays was not reported (Zahalka et al., 2001). Aroclor 1248 
contains a more substantial percentage of tetra-substituted congeners in comparison 
to Aroclor 1016, which has more di- and trichlorine substitutions. Differences in the 
congener profile of the two mixtures may underlie the disparity of DSA results. 

Rice and Hayward (1997) examined early postnatal exposure of monkeys to a 
PCB mixture representative of the PCBs typically found in human breast milk and 
found DSA deficits similar to those following Aroclor 1248 exposure. Specifically, 
monkeys were given 7.5 pg/kg/day of the mixture seven days per week from birth 
until 20 weeks of age. PCB-exposed monkeys required more sessions to learn the 
alternation task and made more incorrect responses across the acquisition sessions. 
When the delays were a fixed length within a session, increased errors were observed 
in the exposed animals at short delays, which were done at the beginning of the 
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experiment. There were no differences between exposed and control animals at long 
delay values, which were tested later. When variable delays were presented within 
a session during the last portion of the experiment, there was no difference between 
the groups on the total number of incorrect responses, but perseverative-type errors 
were increased in the exposed animals relative to controls at all of the delays. 

In rats, research examining DSA performance after gestational and lactational 
exposure to a mixture containing a higher number of penta- and hexa-chlorine 
substitutions, Aroclorl254, has produced mixed results. Zahalka et al. (2001) admin¬ 
istered Aroclor 1254 to pregnant females via oral gavage (8 mg/kg/day) starting on 
gestational day 6 and terminating on postnatal day (PND) 21. On PND 23, delayed 
spatial alternation was assessed across five 12-trial blocks using a T-maze. Each trial 
consisted of a forced run in which only one arm was available and a choice run 
where the rat had to choose the arm opposite that visited during the forced run to 
be rewarded. The time that elapsed between the end of the forced run and the 
commencement of the choice run constituted the delay and was not systematically 
timed. The authors reported no deficits present on the DSA task in the PCB-exposed 
rats based on the fact that there was no difference between the PCB-exposed and 
control animals on the percent-correct trials within any of the five 12-trial blocks. 

Widholm et al. (2004) also examined the effects of gestational and lactational 
exposure to Aroclor 1254, and they did observe DSA deficits attributable to PCB 
exposure. Specifically, 6 mg/kg Aroclor 1254 or corn oil (control) was administered 
to female rats beginning 28 days before breeding and continued until PND 16. DSA 
testing of the offspring began when the rats were approximately 85 days old and 
was conducted in operant chambers with variable delays of 0, 3, 6, 9, or 18 sec 
interposed between trials. Animals exposed to PCBs were impaired relative to 
controls at the 0-, 6-, and 9-sec delay but not at the 3- and 18-sec delay. Analyses 
of the win-stay and lose-stay errors were conducted to determine if PCB exposure 
influenced the degree of perseverative responding. No significant differences 
between the PCB-exposed animals and controls were found on the win-stay errors. 
This result indicated that both exposure groups were equally likely to be influenced 
by recent reinforcement history, returning to the same lever instead of correctly 
alternating to the other side. Lose-stay errors, on the other hand, were significantly 
affected by PCB exposure. Animals exposed to Aroclor 1254 perseverated on an 
incorrect, nonreinforced lever instead of alternating to the other side more often than 
controls, particularly during the final two five-session blocks of testing. Overall, the 
results of Widholm et al. (2004) were similar to the results of Levin et al. (1988) 
and Rice and Hayward (1997). The impairment present at even the shortest delay 
suggested that the exposed rats had difficulty establishing an accurate memory trace 
at the offset of the previous trial, again suggesting a prefrontal site of action. Analyses 
of lose-stay errors confirmed that increased perseverative errors in the PCB-exposed 
animals across all delays were significantly contributing to the deficit. 

The different results obtained by Zahalka et al. (2001) and Widholm et al. (2004) 
were likely due to two important procedural differences between the studies. The 
first related to the substantial difference in the nature of the DSA tasks used between 
the two studies. Zahalka et al. used a T-maze DSA procedure that did not employ 
systematically timed delays between trials, while Widholm et al. used an operant 
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setup with timed variable delays between trials. When using the T-maze for DSA, 
testing is interrupted at the conclusion of every trial in order to place the rat in the 
start box for the next trial. This is not the case when DSA testing is done using an 
operant setup because the house lights signal the start of the next trial, making 
handling or a change in location unnecessary. 

The second major difference was the age of the rats at the time of DSA testing. 
Zahalka et al. conducted the five 12-trial session blocks on a single day while the 
rats were adolescents. Widholm et al. tested the rats during early adulthood, with 
the 25 DSA sessions occurring over the course of 25 days. The timing of testing is 
a critical component because spatial alternation tasks such as DSA are known to be 
highly dependent on the prefrontal cortex (Murphy et al., 1996), which is not fully 
mature until the end of adolescence (Bourgeois et al., 1994). Therefore, the results 
of Zahalka et al. must be interpreted with caution, because testing the same animals 
on the same DSA task as adults might have yielded very different results. 

It is unclear exactly how the ortho -substituted PCB congeners in the various 
mixtures discussed above produce neurobehavioral deficits on tasks such as DSA. 
Some research has focused on the effects of perinatal exposure to individual ortho- 
substituted PCB congeners on DSA. For example, Schantz et al. (1995) exposed 
female rats to <?/T/zosubstituted PCB congeners PCB 28 (2,4,4'-trichlorobiphenyl) 
at doses of 8 or 32 mg/kg/day, PCB 118 (2,3',4,4',5-pentachlorobiphenyl) at doses 
of 4 or 16 mg/kg/day, or PCB 153 (2,2 / ,4,4',5,5'-hexachlorobiphenyl) at doses of 
16 or 64 mg/kg/day from gestational days 10 to 16. DSA was assessed in offspring 
of the control and exposed females using a T-maze DSA that incorporated systematic 
variable delays of 15, 25, or 40 sec between trials. The higher dose of all three 
congeners impaired the ability of female rats to learn the DSA task, while males 
were unaffected. Specifically, the females were impaired at all delays, again sug¬ 
gesting an attentional or associational impairment related to the establishment of 
the memory trace. 

A number of epidemiological studies have examined working memory in chil¬ 
dren following developmental exposure to PCBs (Table 8.2). A rather extensive 
assessment of working memory has been conducted in the children of the Michigan 
cohort at 7 months and at 4 and 11 years of age. As previously mentioned, the 
children were exposed to PCBs during gestation and lactation as a result of contam¬ 
inated fish consumption by their mothers. Prenatal exposure was determined by 
measuring PCB levels in umbilical cord serum. Postnatal exposure was determined 
by measuring breast milk PCB levels at birth and at 5 months of age in women who 
breast fed. 

At 7 months of age, exposed infants were administered the Fagan test of visual 
recognition memory (Jacobson et al., 1985). Stimuli consisted of pairs of faces. One 
of the photos, known as the target, was presented first in both the left and right 
positions, and the baby was required to fixate on the target photo for 20 sec. The 
target was then removed and subsequently presented along with a novel target for 
two 5-sec recognition periods. The positions of the target and novel stimuli were 
reversed between the two recognition periods. The normal response is for the baby 
to spend more time viewing the novel stimulus. As cord serum PCB level increased, 
the amount of time fixating on the novel stimulus decreased. In fact, the mean fixation 
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to novelty score in the most highly exposed infants was 50%, indicating that these 
infants showed no preference for novelty. The failure to show a preference suggests 
a working-memory impairment. 

Tests at age 4 included a simplified version of the Sternberg memory paradigm 
(Jacobson et al., 1992) as well as the McCarthy scales of children’s abilities, which 
includes a memory scale (Jacobson et al., 1990). Rather than using digits or letters 
for the Sternberg task, the researchers first showed the children a memory set 
consisting of one or three drawings of familiar objects on a computer screen. A set 
of 16 test stimuli (half from the previous memory set) was then presented one at a 
time on the computer screen, and the child was instructed to press a button as quickly 
as possible if the test stimulus was from the original memory set. Response time 
was longer and errors were greater when the memory set on the Sternberg was three 
items rather than one. This finding indicated that the task was a valid assessment of 
working memory. Higher cord serum PCB levels were associated with more recall 
errors on the Sternberg. 

The McCarthy test provides standardized test scores for a general cognitive index 
(GCI) and five scales including verbal, perceptual-performance, quantitative, mem¬ 
ory, and motor. Higher umbilical cord PCB levels were associated with significant 
impairment on the memory scale. Two subtests constituting three-fourths of the 
memory-scale score were examined in more detail. The verbal-memory subtest 
assesses recall for strings of words, sentences, and a story. The numerical-memory 
subtest assesses the child’s ability to repeat strings of numbers (both forward and 
backward) as the strings get progressively longer. Both subtests are working-memory 
dependent, and deficits associated with cord PCB levels have been seen on both of 
these subtests (Jacobson et al., 1990). Overall, the results at 4 years suggested that 
the working-memory deficit observed on the Fagan test at 7 months of age (Jacobson 
et al., 1985) was persistent. 

Working memory was assessed again at age 11 (Jacobson and Jacobson, 1996; 
Jacobson and Jacobson, 2003). The traditional Sternberg memory paradigm (using 
memory sets of one, three, or five digits) was administered, as was the Wechsler 
Intelligence Scale for Children — Revised (WISC-R). Of particular relevance to 
working memory was the digit-span subtest of the WISC-R, which required the child 
to repeat progressively longer strings of numbers in both forward and reverse direc¬ 
tion. Overall, PCB exposure was associated with lower accuracy on the Sternberg 
(replicating the results of Jacobson et al. [1992] from age 4). Breast-feeding history 
influenced the magnitude of working-memory deficit. In particular, among children 
breast fed for less than 6 weeks, PCB exposure was negatively correlated with 
number correct on the Sternberg (-0.37 vs. 0.01 for > 6 weeks) and WISC-R digit- 
span accuracy (-0.31 vs. -0.03) (Jacobson and Jacobson, 2003). 

The Fagan Test of Infant Intelligence (Darvill et al., 2000) and the McCarthy 
Scales of Children’s Abilities (Stewart et al., 2003b) were also administered to 
exposed children of the Oswego cohort. Participants of the Oswego cohort included 
pregnant women who had been exposed to PCBs as a result of eating contaminated 
Lake Ontario fish. Umbilical cord plasma and placenta samples were collected at 
birth to determine the degree of prenatal PCB exposure. Some women also provided 
breast milk samples for determination of postnatal exposure. Results on the Fagan 



What Animal Models Have Told Us 


159 


test were similar to those observed in the Michigan cohort (Jacobson et al., 1985), 
even though cord PCB concentrations were lower (Darvill et al., 2000) than those 
measured in the Michigan cohort (Schwartz et al., 1983). Higher total PCBs in 
umbilical cord serum were associated with lower fixation times to the novel stimulus 
at both 6 and 12 months of age (Darvill et al., 2000). There was no relationship 
between cord PCB level and performance on the memory subscale of the McCarthy 
at 38 or 54 months of age (Stewart et al., 2003b). 

A Dutch cohort consisting of pregnant women who had either been living in the 
heavily industrialized city of Rotterdam (or surrounding areas) for at least 5 years 
or pregnant women who had lived in Groningen (or surrounding rural areas) for at 
least 5 years has also been evaluated. Developmental exposure was determined by 
measuring PCBs in maternal blood during the last month of pregnancy, in umbilical 
cord serum, and in breast milk. 

The Rotterdam children were reassessed on the McCarthy Scales of Children’s 
Abilities at 84 months (7 years) of age (Vreugdenhil et al., 2002) and then again on 
the Rey Complex Figure Test and Auditory-Verbal Learning Test at 9 years of age 
(Vreugdenhil et al., 2004). For the Rey Complex Figure Test, the child was shown 
the complex figure and asked to copy it. After a distractor task, the child was asked 
to draw the complex figure from memory. In the Auditory-Verbal Learning Test, a 
list of 15 words was orally presented to the child five times. Immediately after each 
presentation and later after a distractor task, the child was asked to recall the words. 

PCB exposure appeared to have little effect on the McCarthy GCI and memory 
scale scores after adjustment for covariables. Likewise, separate analysis of breast¬ 
fed and formula-fed infants did not show a relationship between PCB exposure and 
scores on the McCarthy for either subgroup. However, additional analyses deter¬ 
mined that prenatal PCB exposure did negatively affect the GCI in children of parents 
with less education as well as the GCI and memory-scale scores of children born 
to parents with lower verbal IQ scores and to younger mothers (Vreugdenhil et al., 
2002). Children exposed to high levels of PCBs were no different from children 
exposed to low PCB levels on the Rey Complex Figures Test or the Auditory-Verbal 
Learning Test (Vreugdenhil et al., 2004). 

In 1993, the European Union, hoping to expand the Dutch PCB study into a 
transnational study and improve risk assessment, provided additional funding to 
create a German cohort in Dusseldorf and a Danish cohort in the Faroe Islands 
(Winneke et al., 1998). In the German cohort, prenatal PCB exposure was determined 
by measuring three marker congeners (PCBs 138, 153, and 180) in cord blood. 
Breast milk taken at the time the infants were 2 and 4 weeks of age was screened 
for the same three congeners. The German children were given the Fagan test at 7 
months. Unlike the children of the Michigan (Jacobson et al., 1985) and Oswego 
(Darvill et al., 2000) cohorts, there was no relationship between the PCB exposure 
and Fagan test scores (Winneke et al., 1998). However, the authors suggest that the 
lack of a relationship may have been due to low test-retest and inter-rater reliability 
of the version of the Fagan test they used. 

Two PCB cohorts are being studied in the Faroe Islands. The first cohort was 
assembled in 1986-1987 and the other was recruited in 1994-1995 as part of the 
European Union transnational project. The primary source of PCB exposure for both 
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samples was consumption of pilot whale meat and blubber, which also contained 
significant amounts of methylmercury. PCB exposure for the older cohort was 
estimated by summing the amount of PCBs 138, 153, and 180 in umbilical cord. In 
the newer cohort, maternal serum, breast milk, and a subset of cord blood were 
analyzed for 28 individual PCB congeners. Only a limited number of neuropsycho¬ 
logical tests have been done and, for the most part, it has been difficult to attribute 
deficits to PCB exposure independent of methylmercury exposure. For example, at 
7 years of age, children from the earlier cohort were assessed on a number of different 
neuropsychological tests and exhibited deficits on working-memory tasks, including 
the digit-span subtest of the WISC-R, the Bender Visual-Motor Gestalt Test (drawing 
figures based on immediate recall), and the California Verbal Learning Test (recalling 
lists of semantically related words). Reanalysis of the data was later done in an 
attempt to isolate potential PCB-related effects (as opposed to methylmercury-related 
effects). After adjusting for mercury exposure, none of the working-memory tasks 
was significantly influenced by PCB exposure, indicating that methylmercury expo¬ 
sure seems to be a greater hazard in this population (Grandjean et al., 2001). 

Unlike the other PCB-exposed cohorts, children from a North Carolina cohort 
have not exhibited any impairment in cognitive function. The North Carolina cohort 
included pregnant women from the general population who were exposed to PCBs 
via the general food supply. The McCarthy was administered when the children were 
3, 4, and 5 years of age. Unlike the results of Jacobson et al. (1990), Stewart et al. 
(2003b), and Vreugdenhil et al. (2002), no significant associations between trans¬ 
placental or breast-feeding PCB exposure and scores on the McCarthy GCI or 
memory scale were found at any age (Gladen and Rogan, 1991). 

In summary, developmental PCB exposure has been shown to produce impair¬ 
ments on working-memory tests in children from some, but not all, of the PCB- 
exposed cohorts that have been evaluated. These effects include poorer performance 
on the Fagan test of visual recognition memory (Darvill et al., 2000; Jacobson et 
al., 1985), the Sternberg test (Jacobson et al., 1992; Jacobson and Jacobson, 2003), 
and memory subtests of the McCarthy (Jacobson et al., 1990) and the WISC-R 
(Jacobson and Jacobson, 2003). The discrepancies between studies could be due to 
differences in the congener profiles and degree of exposure among the cohorts or 
to differences in the tasks used to assess working memory and the age at which they 
were administered. Although not consistently reported across all studies, the work¬ 
ing-memory effects reported in the epidemiological studies are consistent with the 
findings from studies conducted in laboratory animals, highlighting the utility of 
animal models for predicting the specific cognitive domains that are impacted by 
developmental PCB exposure. 

Inhibitory Control 

The PFC has been implicated in the process of behavioral inhibition (Neill, 1976; 
Neill et al., 1974; Wilcott, 1982; 1984). As previously discussed, perseverative errors 
on the PFC-dependent tasks of spatial RL (Widholm et al., 2001) and DSA (Rice 
and Hayward, 1997; Widholm et al., 2004) are increased following developmental 
PCB exposure (Table 8.3). Perseverative errors occur when there is a failure to inhibit 
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TABLE 8.3 

Effects of PCB Exposure on Inhibitory Control 


Dose and 

Exposure/Cohort Species Timing 


Results of Exposure 


Aroclor 1254 


Mixture of 
congeners in 
breast milk 


Aroclor 1248 


PCB 153 


Michigan 


Oswego 


Rat 

6 mg/kg/day; 

T RL and DSA tasks 


gestation and 

(increased perseverative 


lactation 

errors) 

Monkey 

7.5 pg/kg/day; 

si DSA task (increased 


birth to 

20 weeks of age 

perseverative errors) 

si FI schedule 
si DRL schedule 

Monkey 

0.5 or 2.5 ppm; 

si ICs on longer FI trials 


preconception, 
gestation, and 

lactation 

(0.5 ppm only) 


2.5 ppm; 
preconception 
(dosing ended 

20 months 

before 

breeding) 

T ICs on longer FI trials 

Rat 

5 mg/kg; 

si FI schedule in males 


lactation 

but not females 
si DRL performance 
in females 

Human 

Exposure varied; 

si Sternberg test and CPI 


gestation and 

(increased errors 


lactation 

of commission) 
si WCST (increased 
perseverative errors) 

Human 

Exposure varied; 

T CPT (increased errors 


gestation and 

lactation 

of commission) 


Reference 

Widholm et al., 2001; 
Widholm et al., 2004 

Rice and Hayward, 
1997 

Rice, 1997 
Rice, 1998 
Mele et al., 1986 


Mele et al., 1986 


Holene et al., 1998; 
Holene et al., 1999 


Jacobson et al., 1992; 
Jacobson and 
Jacobson, 2003 
Jacobson and Jacobson, 
2003 

Stewart et al., 2003a 


Note: T = impaired performance; T = enhanced performance; - = no effect; IC = inhibitory control; RL 
= reversal learning; DSA = delayed spatial alternation; FI = fixed interval; DRL = differential reinforcement 
of low rates; CPT = continuous performance test; WCST = Wisconsin Card Sorting Task. 


an incorrect response and represent a problem with inhibitory control. Temporal 
discrimination is also regulated by the PFC (Manning, 1973). Fixed interval (FI) 
and differential reinforcement of low-response rate (DRL) operant schedules have 
been used to examine the effects of developmental PCB exposure in monkeys and 
rodents because they incorporate a time-keeping component and a response-inhibi¬ 
tion component (Table 8.3). A fixed-interval schedule requires a single response 
after a specified period of time has elapsed in order to obtain the reward. Responses 
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occurring before the time period is over do not have any consequence, but they require 
effort and reduce efficiency. DRL is similar to FI in that only a single response is 
required at the end of a specified time interval. However, unlike FI, responding prior 
to the end of the interval resets the timer, thereby delaying access to the reinforcer. 

Mele et al. (1986) examined the effects of perinatal exposure to Aroclor 1248 
in monkeys on a series of FI tasks. Four groups of offspring were tested in two 
separate experiments. In the first experiment, offspring of mothers that had been fed 
2.5 ppm Aroclor 1248 daily in their chow prior to breeding and during gestation 
and lactation were compared with offspring of control monkeys who had no PCB 
exposure. In the second experiment, offspring born to the same mothers rebred 20 
months after exposure had ended were tested. An additional lower-PCB-dose group 
was also included. These monkeys were given 0.5 ppm Aroclor1248 in their chow 
three times per week. A final group of offspring whose mothers did not have any 
PCB exposure was also tested. All the monkeys were given 10 sessions on FI 30 
sec and 15 sessions each at FI 60, 300, and 600 sec. No consistent differences were 
observed between the PCB-exposed animals and the control animals in FI perfor¬ 
mance in the first experiment. Results were similar in the second experiment, except 
that a significant reduction in the index of curvature (IC) was observed in the 0.5- 
ppm PCB group under FI 300 and 600 and in the 2.5-ppm delayed-exposure group 
at FI 600. Index of curvature represents the relative distribution of responses as they 
occur throughout the FI interval. An IC of zero indicates that responding was 
relatively constant throughout the interval, while a positive value indicates that the 
responding increased toward the end of the interval. The low IC seen in the PCB- 
treated animals indicated that they had impaired efficiency. Only a response made 
at the end of the preset interval was rewarded, yet the PCB-treated animals responded 
at relatively high levels throughout the interval. Such responding was not cost 
effective in terms of effort made and payoff received. 

Rice (1997) examined inhibitory control in monkeys exposed from birth until 
20 weeks of age to 7.5 pg/kg/day of a PCB mixture representative of the PCBs 
typically found in human breast milk. The specific dosing protocol has been 
described earlier in this chapter, as these monkeys were previously tested on reversal 
learning and DSA (Rice and Hayward, 1997). When the monkeys were 4 years old, 
performance under a multiple FI-fixed ratio (FR) schedule of reinforcement was 
assessed across 48 sessions. The FI was 6 min for all sessions. The FR schedule 
required a fixed number of responses in order to receive the reinforcer and was 
increased sequentially from FR 2 to FR 10 by session 16. The active schedule was 
indicated by illumination of a different color on the response button (FI = white, 
FR = yellow). PCB exposure resulted in impaired performance on the FI schedule; 
the FR component was not substantially affected. The PCB-exposed monkeys had 
shorter mean interresponse times (IRTs) than the control animals, especially during 
earlier sessions. The FI pause time, which was the time between the start of the 
schedule and the first response, developed more slowly over trials in the PCB-treated 
animals. The PCB-treated animals also had a greater number of short (<5 sec) 
interresponse times than controls. Similar to the results of Mele et al. (1986), 
monkeys were less efficient, making nonreinforced responses (as indicated by lower 
pause times and more short IRTs) on the FI schedule. 
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Additional rodent work, has focused on the effects of mammary transmission 
of PCBs on FI performance. Mothers were dosed with 5 mg/kg of the ortho- 
substituted PCB congener PCB 153 every second day from days 3 to 13 after 
delivery. Male (Holene et al., 1998) and female (Holene et al., 1999) offspring were 
tested on multiple FI 2-min extinction (EXT) schedules of reinforcement. The status 
of the house light determined which schedule was active (on = FI, off = EXT). A 
response after the 2-min interval delivered a water reinforcer. No reinforcer was ever 
delivered during EXT, regardless of response rate. Male PCB-exposed rats had an 
increased frequency of lever presses, including short IRTs, shortly before the next 
reinforcer was scheduled to be delivered. The male PCB-exposed rats also made 
significantly more unnecessary visits to the water tray. These results indicate that 
the male PCB-treated rats were less efficient and disinhibited. The female offspring 
showed no PCB-related impairments on the FI schedule relative to controls. Thus, 
in rats tested with the specific PCB congener PCB 153, the effect on FI appears to 
be sex specific. 

As previously mentioned, DRL is also sensitive to PFC disruption. The female 
rats in the Holene et al. (1999) study were also examined on concurrent variable 
interval (VI) 120-sec-DRL 14-sec schedules. The 120-sec VI schedule delivered a 
reinforcer approximately every second minute following an appropriate response on 
the right lever. The DRL contingency was set up on the left lever. The contingency 
on both levers had to be satisfied before a reward would be delivered. The initial 
five sessions showed no effect of PCB exposure on IRTs. During the second group 
of five sessions, PCB-exposed rats had lower IRTs than the controls, and fewer long 
IRTs and reinforcers were present during the third block of five sessions. 

Impairments in DRL have also been observed in the offspring of monkeys 
exposed to a 7.5-pg/kg/day PCB mixture representative of the PCB congeners 
present in breast milk (Rice, 1998). DRL testing in these animals occurred after 
nonspatial RL and DSA (Rice and Hayward, 1997). Treated monkeys had robust 
efficiency problems exhibiting shorter IRTs, obtaining fewer reinforcements, and 
making more nonreinforced responses. These results, in combination with the DRL 
results of Holene et al. (1999), suggest that postnatal exposure to PCBs can disrupt 
response inhibition. 

Evidence of inhibitory control problems exists in the epidemiological literature 
as well (Table 8.3). As previously mentioned, exposed children of the Michigan 
cohort were tested at age 4 and 11 years. At age 4, PCB exposure was associated 
with increased errors of commission (making a response when one should be inhib¬ 
ited) on the modified Sternberg task (Jacobson et al., 1992); at age 11, exposure was 
associated with increased perseverative responses on the WCST (Jacobson and 
Jacobson, 2003). Inhibitory control was also assessed in the 11-year-old children 
via a continuous performance test (CPT), where a response was required when a 
predetermined stimulus appeared on a computer screen. The more highly exposed 
children were more impulsive and made more errors of commission on the CPT 
(Jacobson and Jacobson, 2003). Exposed children of the Oswego cohort tested at 
4.5 years of age also exhibited a positive relationship between cord-blood PCB level 
and errors of commission on a CPT (Stewart et al., 2003a). 
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CONCLUSIONS 

Neurodevelopmental exposure to PCBs has been shown to produce significant dis¬ 
ruption of tasks that require executive function. Specifically, functional domains 
known to rely on the PFC — including cognitive flexibility, working memory, and 
inhibitory control — are adversely affected by developmental PCB exposure to 
mixtures containing mostly ortho -substituted PCBs as well as individual ortho PCB 
congeners. Extensively studied and well-understood animal behavioral paradigms 
such as RL, DSA, FI, and DRL tap these functional domains and allow for an 
accurate assessment of potential PCB-related decrements. As a result of the reliability 
and validity of these tasks, the PCB research using animal models has contributed 
a substantial amount to what is now understood about the neurobehavioral effects 
of developmental PCB exposure. 

Animal research has also helped (a) to reveal the differential effects of coplanar 
versus ortho-substituted PCB congeners and complex PCB mixtures on tasks requir¬ 
ing executive function and (b) to highlight the specific aspects of executive function 
— working memory and inhibitory control — that are most severely impacted by 
early PCB exposure. As a testament to the usefulness of animal models, recent 
follow-up studies of several human PCB cohorts have employed domain-specific 
tests such as the Wisconsin Card Sorting Task (Jacobson and Jacobson, 2003) and 
continuous performance tasks (Jacobson and Jacobson, 2003; Stewart et al., 2003a) 
that assess specific aspects of executive control. These recent assessments have 
yielded results that are strikingly consistent with the findings in animal models, and 
they highlight the utility of animal models for predicting specific cognitive domains 
that are likely to be impacted in exposed human populations. 
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COGNITIVE DEFICITS ASSOCIATED 
WITH PARKINSON'S DISEASE 

Historically, Parkinson’s disease (PD) has been considered to be distinctly a disorder 
of motor function. While motor dysfunction is clearly demonstrable in PD patients, 
nonmotor aspects of the disease, while less obvious, are no less real or troublesome. 
It is now generally recognized that cognitive impairment is a common feature of 
PD, even in the early stages of the disease [1-4]. Parkinson’s disease patients may 
develop neuropsychological deficits across a range of cognitive functions [5-8], and 
many of these impairments, particularly during the early stages of the disease, 
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resemble those associated with frontal lobe dysfunction [9]. These deficits include: 
difficulty in attention set shifting and set formation [10, 11]; temporal ordering, 
sequencing, and planning [3]; impaired nonverbal and verbal short-term recall; 
impaired spatial short-term memory [12]; and impairments in focused attention [13, 

14]. 

Although recent data suggest that the cognitive deficits of PD initially appear 
to involve frontostriatal circuits and are similar to those found in patients with frontal 
lobe dysfunction [9], as PD progresses, impairments are seen on tests that may 
involve more posterior cortical regions [4, 15, 16]. For example, early-stage PD 
patients seem to have more attentional/executive functioning problems, whereas 
later-stage patients seem to have a broader range of deficits that include certain types 
of memory and working-memory impairments [9]. Studies have shown that non- 
medicated early-PD patients are unimpaired on performance of spatial working- 
memory tasks [17], whereas medicated mild-PD patients and patients with moderate 
to severe symptoms are impaired on performance of spatial working-memory tasks 
[18-20]. More-severe patients are also impaired on verbal and visual memory tasks 
that may depend more on the functional integrity of the temporal lobe than the 
frontal cortex [9]. However, the apparent “progression” of cognitive deficits in 
parallel with progressively more severe motor disability is a complicated issue, and 
patients at different stages of PD can be differentiated in terms of their performance 
on tests of spatial memory that make different demands of executive processes [21]. 

The cognitive deficits in PD patients appear to arise from dysfunction of multiple 
cortical and subcortical neurotransmitter systems and functional circuits. Dopamin¬ 
ergic as well as nondopaminergic systems (perhaps cholinergic and noradrenergic) 
may play important roles in the development of cognitive disturbances in PD patients 

[22] . Although levodopa treatment can improve some cognitive functions, it can also 
induce or exacerbate deficits in performance of certain cognitive tasks in PD patients 

[23] . Administration of levodopa to PD patients may have different effects on 
different sectors of frontostriatal circuitry [21, 24]. The amount of levodopa required 
to restore function to more heavily denervated dorsal frontostriatal regions and 
striatal regions primarily involved in motor control may effectively overdose rela¬ 
tively less depleted ventral frontostriatal circuits and actually worsen certain aspects 
of cognitive performance. 

MODELING COGNITIVE DEFICITS 
OF PARKINSONISM WITH CHRONIC 
ADMINISTRATION OF MPTP 

Our initial idea was to produce cognitive deficits in monkeys pretrained to perform 
a variety of cognitive tasks by administering the dopaminergic neurotoxin MPTP 
(1-methy 1-4-phenyl-1,2,3,6-tetrahydropyridine) in doses too low to induce gross 
parkinsonian motor deficits. Since the clinical literature indicated that cognitive 
deficits are present at the earliest stages of PD, our goal was try to model this early 
stage of PD in nonhuman primates. Over several years we developed and refined 
the chronic-low-dose MPTP administration protocol to produce cognitive deficits in 
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monkeys with minimal or no motor impairments. With continued MPTP exposure, 
animals develop parkinsonian motor deficits superimposed on earlier appearing 
cognitive deficits. 

In the chronic-low-dose MPTP model of “early” parkinsonism, animals develop 
cognitive deficits analogous to those described in early PD patients [25-28], includ¬ 
ing deficits in attention, attention set shifting, cognitive flexibility, planning, and 
problem solving, but not in working or reference memory per se. Although it has 
been suggested that there may be a visuospatial working-memory deficit in early 
medicated PD patients [9], it is possible that this deficit may not be a working- 
memory deficit per se but may reflect an impairment in attentional processes involved 
in visuospatial working-memory tasks [29]. This latter interpretation would be con¬ 
sistent with our data from MPTP-treated monkeys. 

Continued administration of low doses of MPTP after cognitive deficits have 
appeared can result in the development of parkinsonian motor symptoms [30]. 
Patients with more advanced PD exhibit a broad range of cognitive impairments that 
include attentional and other “frontal-related” deficits but also impaired performance 
on at least some memory tasks [9]. Monkeys with moderate parkinsonism continue 
to have frontal-related cognitive deficits [30] that interestingly do not respond to the 
same pharmacotherapies that improve attentional and executive functioning in 
“early” parkinsonian monkeys, suggesting that pharmacological strategies to 
improve cognition in PD may need to change as symptoms evolve and as the disease 
progresses. 


ATTENTIONAL AND EXECUTIVE FUNCTION 
DEFICITS CHARACTERIZE "EARLY" PARKINSONIAN 

MPTP-TREATED MONKEYS 

In the first studies of chronic-low-dose MPTP-treated monkeys, deficits were 
observed in performance of spatial delayed response (both with fixed and variable 
delays), delayed alternation, delayed matching-to-sample, visual discrimination 
reversal, and object retrieval tasks [26, 27]. Deficits in variable delayed-response 
performance have proven to be particularly interesting and have led to further insights 
into the nature of the cognitive deficits in these animals. In the variable delayed- 
response task, the monkeys perform a spatial delayed-response task with different 
delay lengths randomly distributed over the trials that make up a daily test session. 
These delay conditions yield approximately chance performance at the longest delay, 
and normal monkeys perform this task with a delay-dependent increase in errors 
that reflects the limits of their short-term spatial memory. This task appears to place 
little load on executive processes, since there is no specific requirement for manip¬ 
ulation or reorganization of the information in working memory. 

Chronic-low-dose MPTP-treated monkeys are significantly impaired on perfor¬ 
mance of this task, with deficits in performing short- and medium-duration delay 
trials, suggesting an attentional deficit [31]. Because of the nature of the variable 
delayed-response task, it is difficult to unequivocally separate attention from memory 
components of task performance. Thus, an additional study was conducted to try to 
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assess more directly the degree to which deficiencies in variable delayed-response 
task performance could be attributed to attentional or working-memory disturbances. 
To do this, we used a modified variable delayed-response task with attentional cueing 
[32]. 

On the standard variable delayed-response task, an opaque screen is lifted, and 
cue presentation (baiting of one of two food wells) occurs over a fixed 2-sec interval. 
The opaque screen is then lowered for an intratrial delay, and the food wells are 
covered with two identical sliding plates. The screen is then raised, and the animal 
is presented with the two wells and is allowed to respond (i.e., uncover one of the 
two wells and retrieve the reward). 

The protocol for the variable delayed-response task with attentional cueing was 
identical to the variable delayed-response procedures described above, except that 
the examiner alerted the animal to the baiting of the well to ensure that the monkey 
was attending to the cue presentation before the opaque screen was lowered. Cue 
presentation still occurred over a standard 2-sec interval. Test sessions with atten¬ 
tional cueing were given to each animal once per week between standard variable 
delayed-response (VDR) testing sessions. Attentional cueing significantly improved 
overall task performance in comparison with standard VDR performance in chronic- 
low-dose MPTP-treated monkeys, and restored a normal pattern of responding. In 
particular, performance at short- to medium-duration delays was significantly 
improved by attentional cueing, while cueing had no significant effect on perfor¬ 
mance of long-duration delay trials (Figure 9.1). Thus, directing the animal’s atten¬ 
tion to the target presentation significantly improved performance on a spatial work¬ 
ing-memory task. Interestingly, attentional cueing, as described above, had no effect 
on performance of short-, medium-, or long-delay trials in intact animals. It appears 
then that the main contributor to impaired variable delayed-response performance 
of chronic-low-dose MPTP-treated monkeys is an attentional deficit that disrupts 
the encoding of behaviorally relevant information to be kept in short-term memory. 

Other studies have shown additional attentional and executive functioning def¬ 
icits in motor-asymptomatic chronic-low-dose MPTP-treated monkeys [28]. Animals 
were trained to perform the following attentional and executive function tasks that 
had low memory demands. 

Attentional/Executive Tasks 

Attention set-shifting ability : This test of cognitive flexibility and set-shifting 
ability is based on the principle of the Wisconsin Card Sorting Test (WCST), 
which is known to be impaired in patients with frontal lobe dysfunction 
and in PD patients, and was modeled after the intradimensional/extradi- 
mensional set-shift task from the Cambridge Neuropsychological Test 
Automated Battery [33]. In this task, monkeys were required to shift atten¬ 
tion from one perceptual dimension of a complex stimulus to another, e.g., 
from line to shape. The task consisted of five sub tests: simple visual dis¬ 
crimination, simple visual discrimination reversal, compound visual dis¬ 
crimination, and intra/extradimensional shifts (IDS/EDS). 
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FIGURE 9.1 Variable delayed-response performance prior to (black bars) and following 
chronic-low-dose MPTP exposure (white bars) and the effect of attentional cueing (shaded 
bars) on task performance. In intact monkeys, there was a delay-dependent decrease in the 
number of correct responses, with performance at 20- and 30-sec delays significantly worse 
than performance at 2-, 5-, and 10-sec delays ( A p < 0.05). After chronic-low-dose MPTP 
exposure, performance at short- and medium-duration delays (2, 5, and 10 sec) was signifi¬ 
cantly worse than when animals were normal (*p < 0.01). Task performance at the longest 
delays (20 and 30 sec) remained the same. With attentional cueing, the performance of chronic- 
low-dose MPTP-treated animals was significantly improved at 2-, 5-, and 10-sec delays (**p 
< 0.01 vs. post-MPTP performance without attentional cueing). Overall task performance 
with attentional cueing was not significantly different from baseline performance prior to 
MPTP exposure. (From Decamp, E. et al., Behavioural Brain Res., 152, 260, 2004. With 
permission). 

Visuospatial attention shifting: This task assessed the ability of the animal to 
shift attention once it had been directed away from the location of an 
impending target [34, 35]. 

Cued reaction time (focused attention): This test (a four-choice cued and 
noncued reaction time task) assessed the monkey’s ability to focus attention 
and use advance information for successful task performance. 

Motor readiness (impulse control) task : This test, which required time esti¬ 
mation, had a high attentional load and has been shown to depend on the 
integrity of the dopaminergic system to be performed correctly [36]. An 
animal must hold a lever for a variable amount of time and wait for a target 
to appear and then touch the target for a reward. As time elapses, the 
probability for appearance of the target increases. The relation between 
reaction time and each specific delay was taken as a measure of “motor 
readiness.” Premature release of the lever reflected increased impulsivity, 
leading to poor task performance. 

Effects of Chronic Low Dose MPTP Exposure 

Animals received cumulative MPTP amounts of 10.64, 10.9, 12.6, and 15.7 mg over 
periods of 106, 158, 98, and 109 days, respectively. Sensorimotor deficits were not 
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FIGURE 9.2 Performance of an attention set-shifting task before (black bars) and after (white 
bars) chronic-low-dose MPTP exposure. Results are expressed as mean trials to criterion (± 
SEM) for each subtest: SD (simple visual discrimination), CD (compound visual discrimina¬ 
tion), reversal (discrimination reversal), IDS (intradimensional shift), and EDS (extradimen- 
sional shift). When normal, animals performed the SD and CD subtests easily but needed 
more trials to reach criterion at the reversal, IDS, and EDS subtests. After MPTP exposure, 
performance remained normal at the SD task but significantly worsened on the other subtests 
(with particular difficulty with the discrimination reversal and EDS subtests). A p < .01 
compared with SD performance; *p < .01 compared with corresponding normal baseline 
performance. (From Decamp, E. and Schneider, J.S., Eur. J. Neurosci ., 20, 1374, 2004. With 
permission). 

observed in any animal at the end of MPTP administration or after deficits were 
observed on cognitive tasks. 

Attention set-shifting ability : When normal, animals performed all subtests 
of the task. The discrimination reversal and EDS subtests required signif¬ 
icantly more trials to reach criterion (i.e., six consecutive correct responses) 
than did the other subtests. After chronic-low-dose MPTP administration, 
animals were still able to perform all stages of the task. While the ability 
to perform the simple discrimination task did not change, animals per¬ 
formed significantly worse on all other subtests after chronic MPTP expo¬ 
sure (indicating a disturbance in set stability), with particular difficulty with 
the discrimination reversal and EDS tasks (Figure 9.2). Response latencies 
were not significantly changed following MPTP exposure, indicating that 
deficits were not due to motor impairment. Difficulty in completing the dis¬ 
crimination reversal and EDS portions of this task in particular suggests def¬ 
icits in cognitive shifting ability (mental flexibility). These data are consistent 
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with reports of cognitive inflexibility in mild PD patients [17, 23] and 
impairment in mild and nonmedicated PD patients at the earlier stages of 
an attention set-shifting task that requires the formation and maintenance 
of a response set for the relevant stimulus dimension [17]. 

Visuospatial attention shifting : When normal, animals responded to valid cue 
trials with shorter reaction times (460 ± 37 msec) than to invalid cue trials 
(815 ± 103 msec). After chronic MPTP exposure, reaction time for valid 
cue trials was significantly increased, resulting in equivalent times to 
respond to valid (825 ± 72 msec) or invalid cues (852 ± 106 msec). Animals 
also made significantly more early-release errors after MPTP exposure 
compared with when they were normal. These data suggest an impaired 
ability to sustain spatial attention rather than a specific impairment in 
visuospatial attention shifting per se. Even mild PD patients have been 
reported to have visuospatial attention deficits [37, 38], particularly when 
sustained attention is required. 

Cued reaction time (focused attention): Before MPTP exposure, animals 
performed this task easily, making no or few early bar-release errors. Ani¬ 
mals also had significantly shorter reaction times on trials for which there 
was advance information (cue) (523.0 ± 28.9 msec) compared with the 
trials without a cue (723.0 ± 34.2 msec). After chronic MPTP exposure, 
reaction times increased for both conditions (advance information: 999.0 
± 55.2 msec; no advance information: 1030.0 ±51.5 msec), and the effect 
of advance information on reaction time was no longer significant. It is 
possible that in the uncued four-choice condition of this task, the attentional 
demands of monitoring the four possible locations of the target were suf¬ 
ficiently high so as to slow reaction times and impair performance. Similarly 
slowed reaction times in the cued condition may reflect a deficit in the 
MPTP-exposed monkeys to prepare their response in anticipation of a 
predetermined movement. 

Motor readiness (impulse control) task : Normal monkeys showed an inverse 
relation between reaction time and hold time and a direct relationship 
between hold time and number of errors committed (i.e., the longer the 
hold time, the more errors committed). Reaction times associated with all 
hold times were significantly increased following MPTP exposure. The 
effect of the hold time on reaction time was no longer significant after 
MPTP exposure. Chronic-low-dose MPTP exposure also significantly 
increased the number of errors made. In particular, monkeys made signif¬ 
icantly more mistakes on trials with the shortest hold times. These results 
suggest a deficit in motor readiness and planning of action. Deficits in 
attention have been described in PD patients, especially when they have to 
rely on internal cues [7], and this may be reflected in the results described 
above. Additionally, even mild PD patients have deficits in a time-estimation 
task such that they underestimate the duration of a time interval [39]. Such 
a deficit in chronic-low-dose MPTP-treated monkeys may have also con¬ 
tributed to our findings. 
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RELEVANCE OF THE CHRONIC-LOW-DOSE MPTP 
MONKEY MODEL TO OTHER DISORDERS 

While the deficits in chronic-low-dose MPTP-treated monkeys described earlier in 
this chapter are strikingly similar in nature to those described in early Parkinson’s 
disease patients, the frontal/attentional/executive function deficits observed in these 
animals have significant overlap with, and clinical relevance for, other disorders such 
as attention deficit hyperactivity disorder (ADHD) and schizophrenia in which 
frontostriatal dysfunction has been implicated. 

A number of similarities between the cognitive deficits of chronic-low-dose 
(CLD) MPTP-treated monkeys and children with attention deficit disorder have been 
noted and attributed to frontostriatal dysfunction secondary to deficits in dopamin¬ 
ergic and noradrenergic neurotransmission [40]. Recent studies of children and 
adolescents with attention deficit hyperactivity disorder (ADHD) indicate that, in 
addition to inattention and distractibility, a number of executive functioning deficits 
have also been documented [41-43]. Additionally, the sense of time is reportedly 
impaired in children with ADHD and is not improved with administration of stim¬ 
ulant medication [44]. Thus, we suggest that the CLD MPTP model in nonhuman 
primates may also be a valid large-animal model for studying cognitive deficits 
associated with attention deficit disorder. The CLD MPTP-treated monkey appears 
to encompass a number of the criteria suggested by Solanto [45] that should be 
present in a valid model of ADHD, including deficits in measures of attention and 
impulsivity and amelioration of deficits by clinically effective treatments [46-48]. 

Schizophrenia is characterized by dysregulation of attention [49]. Four important 
domains of cognitive functioning have been described as impaired in schizophrenia: 
attention, verbal fluency, working memory, and executive functioning [50]. Sustained 
attention appears to be a particular problem in schizophrenia that contributes to 
problems in other aspects of higher cognitive functioning [51]. Because of the 
apparent specificity of sustained attention to schizophrenia and its relationship to 
other important cognitive abilities, this aspect of cognition (which can be modeled 
in chronic-low-dose MPTP-treated monkeys) may be an important future target of 
intervention. 

Executive functions encompass a number of abilities, including but not limited 
to the ability to initiate, plan, and sequence behaviors, the ability to abstract a 
principle or problem-solving strategy, and the ability to be cognitively flexible (i.e., 
switch cognitive sets). Whereas executive functions are largely subserved by the 
frontal cortex, they are also related to other parts of the brain that have strong 
connections to the frontal cortex, such as the striatum and temporal-limbic complex 
[51]. A recent meta-analysis from 71 studies [52] demonstrated an overall effect 
size of-1.45 for schizophrenia patients relative to controls on measures of executive 
functioning. This is a large effect size, suggesting that patients with schizophrenia 
have significant difficulty on these measures compared with other psychiatric patients 
(effect size of-0.40). In addition, functional imaging studies have provided support 
for dysfunction in frontal-basal ganglia circuitry [53] as a neural substrate for 
attention/executive cognitive dysfunction in schizophrenia. Considering the cogni¬ 
tive deficits known to affect schizophrenics and the attention/executive deficits 
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described in chronic-low-dose MPTP-treated monkeys, these animals may serve as 
a useful model for the cognitive deficits of schizophrenia and as a good model system 
for evaluating new treatment modalities. 

CONCLUSIONS 

Chronic administration of low doses of the neurotoxin MPTP to macaque monkeys 
results in primarily attentional and executive function-type cognitive deficits in 
animals devoid of parkinsonian motor deficits. The fronto-executive deficits in these 
animals may serve as a model for the cognitive deficits of “early” parkinsonism as 
well as for the cognitive deficits characteristic of other disorders such as ADHD and 
chronic schizophrenia. Continued administration of low doses of MPTP to these 
animals can result in the evolution of a parkinsonian motor disorder, making this a 
useful animal system for studying the progression of symptoms in parkinsonism. 
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INTRODUCTION 

The identification of the A(3 peptide as a major component of amyloid deposited in 
brain vessels and subsequently of parenchymal plaques in the brains of Alzheimer’s 
victims [1] led to a focus on this molecule as a key element in the pathophysiology 
of Alzheimer’s disease (AD). Subsequent work found that some mutations causing 
the disease occurred in the amyloid precursor protein (APP) that is processed, in 
some circumstances, into the A(3 peptide [2]. Ultimately, all mutations causing AD 
have been demonstrated to result in overproduction of the long variant of the A(3 
peptide [3]. Thus the pathology, genetics, and the in vitro neurotoxicity of the A(3 
peptide has led to a focus on the aggregation and accumulation of this material as 
a prime target for therapies designed to treat AD. 

As for other disorders, development of animal models to understand amyloid 
pathology became an important research goal. Our lab and many others attempted 
to mimic the AD condition in rodent brain by direct injections of the peptide [4, 5]. 
These efforts were largely unsatisfactory. Similarly, a number of other research 
groups attempted to create transgenic models overexpressing various forms of the 
APP gene. After many failures to create models that deposit amyloid in a manner 
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similar to AD, and after a couple of retracted claims, the first APP transgenic mouse 
that deposited amyloid in a manner similar to AD was developed [6]. Because of 
the platelet-derived growth-factor promoter used, this mouse is referred to as the 
PDAPP mouse. Shortly thereafter, other APP transgenic mice were successfully 
developed with amyloid pathology similar to AD: the Tg2576 mouse of Hsiao [7] 
and the APP23 mouse of Novartis [8]. In a variety of informative ways, these mice 
have been crossed with other genetically modified mice. One of these was the 
presenilin-1 (PS1) mouse of Duff [9]. The presenilin gene codes for a critical 
component of the gamma secretase complex, which determines the length of the A(3 
peptide during processing of the APP. Mutations of this gene can also cause early- 
onset AD in humans. Our group and several others found that crosses between the 
PS 1 mice and the APP mice resulted in accelerated amyloid pathology as the mice 
age [10]. This chapter focuses on the behavioral abnormalities in the APP transgenic 
models. It is important to recognize that these are not models of AD, as they lack 
the tau pathology and the neuron loss found consistently in the human disorder. 
However, the mouse models mimic in considerable detail the amyloid deposition 
found in the human disease, and they are all largely similar, irrespective of the 
mutations used or the promoters employed. 

MEMORY DEFICITS CORRELATE WITH A|3 LOAD 

The first to demonstrate that APP transgenic mice had both amyloid deposits as well 
as memory deficits was Hsiao et al. [7]. They demonstrated deficits in a reference- 
memory version of the open-pool water maze [11], with the deficits first appearing 
at an age when the amyloid plaques started to appear (10 to 11 months). A number 
of studies have now found within-age-group correlations between spatial-navigation 
performance in various forms of the water maze and one or more measures of 
amyloid load in several different APP lines [12-20]. In some sense, given the 
perception that rodent memory-assessment methods have some imprecision and that 
the number of mice included in such studies is typically small (less than 20), the 
correlation was surprising and argued for an intimate relationship between amyloid 
load measures and memory dysfunction. This led to the somewhat comforting 
conclusion that the amyloid plaques and attendant disruptions of neuronal architec¬ 
ture with dystrophic neurites and activation of proinflammatory states of glial cells 
were responsible for the memory loss. However, even these studies were not always 
consistent regarding the pool of A(3 that correlated best with memory loss. 

There are several domains in which amyloid loads can be measured. The pathol¬ 
ogist examines amyloid histologically and identifies two major forms. One form is 
fibrillar aggregates, stained by Congo red or Thioflavine S, that form compacted 
amyloid plaques (associated with dystrophic neurites) in the parenchyma or amyloid 
angiopathy in the vasculature. A second, more widely spread form of A(3 is stained 
only immunohistochemically and is referred to as diffuse deposits. The neurochemist 
views A(3 content from the perspective of solubility in different reagents. There are 
water-soluble fractions, detergent-soluble fractions, and water-insoluble fractions 
(typically dissolved in concentrated formic acid or guanidinium solutions). Most 
often, these are analyzed by sandwich enzyme-linked immunosorbent assays 
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(ELISA). A third domain is that of the physical chemist, who views the Ap peptide 
from the perspective of its secondary and tertiary structure. There are many forms 
of A(3: monomers, multimers varying from 2mers to 20mers that are collectively 
called oligomers, protofibrillar forms in which A(3 is aggregated in a beta-pleated 
sheet structure, and finally mature 6- to 9-nm fibrils, which are the forms thought 
to form the amyloid plaques. One of the great unanswered questions in Alzheimer 
research is how these different fractions relate to each other. As a further level of 
complexity, there are two major C-terminal length variants of A(3 ending at amino 
acid 40 or 42. These appear to be distributed differently, with vascular amyloid 
deposits being primarily of the Ap 40 form and diffuse A(3 ending primarily at amino 
acid 42 [21, 22]. The final common path of mutations causing early-onset AD in 
humans is to increase the amount of the long form of A(3 [3]. In general, the more- 
hydrophobic Ap42 variant is more prone to forming aggregates. 

The studies correlating memory loss with amyloid increases used a variety of 
indices for amyloid load. Often, only one of several measurements of amyloid load 
correlated with behavior, and this was not always the same measure or even in the 
same brain regions (hippocampus versus cortex). Undermining the association 
between congophilic amyloid plaques and memory disruption was the increasing 
number of observations of memory dysfunction in mice that either never developed 
amyloid pathology [23-28] or exhibited some form of memory disruption prior to 
the appearance of amyloid deposits [15, 26, 29-32]. In many instances, the severity 
of the memory deficits worsened as mice grew older [30, 33, 34]. However, the 
worsening of memory function as mice aged was not linearly related to the increasing 
amount of Ap in the brain [15, 17]. Intriguingly, not all reports find memory 
dysfunction in transgenic rodents that overexpress APP. For example, Savonenko et 
al. [35] were unable to detect changes in two APP mouse lines that deposit amyloid, 
and Ruiz-Opazo [36] found that transgenic rats expressing APP actually had pro¬ 
tection from age-associated memory deficits. 

Although the transgenic mice are very similar genetically, there are large vari¬ 
ations in the extent to which they overproduce Ap. In our APP+PS1 model, we find 
roughly a two-fold range of amyloid load in mice of the same age and gender. In 
the PDAPP mouse line, some transgenic mice never deposit amyloid. These large 
variations permit identification of correlations with behavior within an age group. 
If the amyloid loads were uniform, correlations within age groups would be nearly 
impossible. However, it is likely that whatever factors are accounting for this vari¬ 
ation in amyloid load, they are affecting all of the pools of Ap similarly. Thus mice 
with a high level of soluble Ap when young are likely destined to have high levels 
of deposited Ap as they age. So too, all pools of Ap are likely to covary within 
individual members of an age cohort; those mice with the highest levels of deposited 
Ap are likely to have higher levels of soluble Ap, insoluble Ap, oligomeric Ap, etc. 
In this sense, a correlation with one pool need not indicate that it is the one causing 
the memory disruption; indeed, it may be acting as a surrogate for other, more 
difficult to measure pools. At the moment, there is some evidence that an oligomeric 
pool of Ap may be most closely related to the degeneration in AD [37]. However, 
this pool has been notoriously ephemeral; reliable assays have not been widely 
adopted, and the oligomers appear to rapidly convert to other forms. It is not certain 
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that different investigators are studying the same entity when each refers to oligo¬ 
meric pools. At the recent Alzheimer Conference (2004), Karen Ashe presented 
impressive data supporting an oligomeric form of A(3 (referred to as A(3*) as being 
most closely related to memory loss in younger Tg2576 transgenic mice. The reader 
is advised to monitor progress in this area critically and with some caution, but the 
data collected thus far is consistent with this hypothesis. For example, some forms 
of fibrillar A(3 may not be apparent by traditional methods. Richardson et al. [31] 
found extracellular A(3 fibrils in memory-deficient APP mice well before the appear¬ 
ance of histologically identifiable deposits. 

In summary, memory dysfunction is a very consistent part of the APP mouse 
phenotype. Correlations with amyloid load suggest that this plays a causal role in 
the memory disruption. However, when examined across age groups, the correlation 
breaks down, with old mice having much more amyloid than predicted by their 
memory deficits. Still, given the potential for ceiling effects in the behavioral tests 
and the likelihood that amyloid effects on memory may be nonlinear and exhibit 
saturation, these data alone are not sufficient to rule out observable amyloid pools 
as the major factor in the memory impairments developed by the transgenic mice. 

INTERVENTIONS IMPROVING MEMORY IN APP 

TRANSGENIC MICE 

A number of approaches have been proposed to reduce A(3 loads in AD patients 
and, in many instances, these are first being tested in the APP transgenic mouse 
models of amyloid deposition (Table 10.1). If the hypothesis that amyloid causes 
memory loss is to hold merit, then amyloid-reducing treatments should also protect 
the mice from memory disruptions. To a large extent, this outcome has been dem¬ 
onstrated, although the A(3 pool responsible for the benefits is not clear. 


TABLE 10.1 

Therapeutic Interventions Improving Memory 
Performance of APP Transgenic Mice 

Treatment Reference 


Anti-Ap vaccine 
Anti-Ap vaccine 
Anti-Ap monoclonal antibody 
Anti-Ap monoclonal antibody 
hApo E3, but not hApo E4 
BACE1 null condition 
Dominant negative RAGE 
Ginkgo biloba 
Memantine 

Anti-CD40L monoclonal antibody 

Melatonin 

Rolipram 


Janus et al. [40] 

Morgan et al. [39] 
Dodart et al. [41] 
Kotilinek et al. [42] 
Raber et al. [43] 

Ohno et al. [44] 

Arancio et al. [45] 
Stackman et al. [48] 
Minkeviciene et al. [49] 
Todd et al. [51] 

Feng et al. [54] 

Gong et al. [55] 
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In 1999, Schenk et al. [38] found that vaccines against the Ap peptide dramat¬ 
ically reduced the amyloid loads in PDPP transgenic mice. Our research group, 
believing that inflammation was a contributing factor in the disease, attempted to 
show that the microglial activation associated with such immunization would worsen 
the memory, not protect it. Within weeks of the publication, we were vaccinating 
our APP+PS1 mice against Ap at an age prior to the onset of spatial-navigation- 
memory dysfunction. We tested mice at an age before the onset of memory loss in 
the working-memory version of the radial arm water-maze task. We found all mice 
capable of robust learning of platform location, even those vaccinated against Ap. 
However, when tested several months later, we found that the mice given control 
inoculations had lost the ability to remember platform location, but the anti-Ap- 
vaccinated mice could ultimately learn as well as the nontransgenic littermate con¬ 
trols [39]. Similar data were collected in parallel by the Toronto group using a 
different APP mouse model (CRND8 [40]). Thus this surprisingly effective treatment 
not only reduced amyloid loads, but also protected mice from memory deficits. 

Subsequent studies transitioned from the active immunization protocols used by 
Schenk et al. [38] to passive immunization with anti-Ap monoclonal antibodies. 
Dodart et al. [41] and Kotilinek et al. [42] both observed reversal of memory deficits 
in APP transgenic mice using different antibodies and different models. However, 
the striking feature of both studies was the rapidity of the reversal; as little as a 
single dose of antibody reversed the hole-board deficits in PDAPP mice, and three 
injections reversed water-maze deficits in Tg2576 mice. In neither circumstance was 
the measurable form of Ap load reduced by these treatments. These data are some 
of the strongest evidence for considering small, difficult-to-measure soluble pools 
— rapidly affected by antibodies — as being the form of Ap most proximally linked 
to memory dysfunction in the APP transgenic mice. 

Some genetic manipulations have been found to modify the mnemonic dysfunc¬ 
tion of APP transgenic mice. One of the first observations was that by Raber et al. 
[43]. Using the J9 APP mouse, they crossed these mice with transgenic mice express¬ 
ing hApoE3 or hApoE4 on an mApoE-null background. They found that the ApoE3 
protein was capable of reversing the memory deficits in the J9 mice but that the 
ApoE4 gene could not. These results suggest that ApoE3 can counteract the memory- 
disrupting action of Ap, while the E4 variant, linked to increased risk for AD, cannot. 
Another genetic manipulation found to completely eliminate both amyloid produc¬ 
tion and memory loss was a knockout of the BACE1 gene [44]. BACE1 is a protease 
mediating the APP cleavage at the N-terminal of Ap. Alternative APP processing by 
another enzyme, alpha secretase, precludes Ap formation. One concern in the trans¬ 
genic field was that APP overexpression, not just Ap overproduction, was responsible 
for the memory problems in the mice. The Tg2576 mice raised on the BACEl-null 
background failed to develop memory loss. Moreover, electrophysiological abnor¬ 
malities in these mice were avoided. Thus, APP overexpression alone is not respon¬ 
sible for these aspects of the APP mouse phenotype. 

Another genetic manipulation impacting cognitive performance in transgenic 
mice involves the RAGE (Receptor for Advanced Glycation Endproducts) protein, 
a receptor binding a number of modified proteins that also binds Ap. APP mice 
overexpressing RAGE in neurons develop memory deficits at a younger age than 



188 


Animal Models of Cognitive Impairment 


unmodified APP mice. APP mice expressing a dominant-negative form of RAGE 
are protected from memory loss [45]. It is unclear to what extent these manipulations 
also modified Ap accumulation in these mice. RAGE has been proposed to transport 
Ap from blood into brain [46], possibly modifying brain Ap content. 

Drugs have also been found to reverse or prevent the memory dysfunctions in 
APP transgenic mouse models. Ginkgo biloba , an herbal agent often promoted as a 
remedy for age-associated memory loss and AD, but with minimal support in the 
human literature [47], was found to prevent memory loss in Tg2576 mice when 
administered from 8 to 14 months of age [48]. Surprisingly, this was associated with 
increased protein carbonyl formation but no changes in amyloid loads measured by 
ELISA. A drug with demonstrated benefits for AD patients (memantine) also alle¬ 
viates memory deficits after 3 weeks of treatment in APP+PS1 mice [49]. Treatment 
with antiCD40L antibodies, previously demonstrated to reduce Ap deposition [50], 
also protects APP+PS1 transgenic mice from memory impairments [51]. Another 
treatment argued to reduce Ap (melatonin [52, 53]) also prevents memory disruptions 
in the APP695 mouse when administered from 5 to 9 months of age [54]. Most 
recently, a remarkable delayed effect was observed with the phosphodiesterase- 
inhibitor rolipram [55]. In this study, APP+PS1 mice were treated for 3 weeks with 
the agent when the mice were 3 months of age and the first amyloid deposits were 
appearing. Even though the drug was discontinued for at least 2 months, when tested 
at 6 to 7 months of age, mice receiving the drug scored significantly better than 
mice given vehicle treatments on contextual fear conditioning, radial arm water 
maze, and open-pool water-maze tasks. The treatment also reversed long-term poten¬ 
tiation (LTP) deficits and increased cyclic AMP response-element binding protein 
(CREB) phosphorylation at 7 to 8 months. No changes in ELISA-measured Ap were 
found at 7 to 8 months. Taken at face value, these data argue for a permanent 
rearrangement of the brain’s response to Ap caused by this agent. Estrogen replace¬ 
ment to ovariectomized mice also improved memory in APP+PS1 mice, but the 
treatment produced similar effects in nontransgenic mice as well as transgenic 
animals [56], demonstrating no selectivity of estrogen for the amyloid-depositing 
mice. 

In summary, a number of manipulations impact the memory phenotype of APP 
transgenic mice. Most importantly, the BACE-null APP mouse is protected from 
memory loss, verifying that it is the Ap overproduction associated with the trans¬ 
genes that is responsible for the impairments. Although some of these manipulations 
are directed at reducing amyloid, many of the successful treatments have no apparent 
action on amyloid accumulation (at least in the pools measured). This implies that 
(a) there is a chain of events associated with amyloid-induced memory deficits in 
APP mice and (b) interventions may be directed either at the amyloid deposits 
themselves or at downstream events in the process, leading to consolidations that 
are otherwise disrupted by the presence of Ap. Thus in AD, as in other chronic 
degenerative diseases (e.g., heart disease), there will be multiple therapeutic targets 
to improve memory functions. In fact, the combined efficacy of donepezil and 
memantine in AD cases is the first step in a graded series of improvements in 
managing the disease [57]. 
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Plasticity in APP Transgenic Mice 


TABLE 10.2 
Electrophysiological 

Basal Synaptic Activity 

Normal 

Reduced 

Reduced 

Reduced 

Reduced 

Reduced 

Normal 


Long-Term Potentiation 

Reduced 

Present 

Normal 

Normal 

Increased 

Reduced 

Normal 

Normal 

Faster decay 

Reduced 


Reference 

Chapman et al. [63] 
Larson et al. [65] 

Hsia et al. [26] 

Fitzjohn et al. [64] 

Jolas et al. [68] 
Dewachter et al. [69] 
Roder et al. [66] 
Harris-Cerruti et al. [67] 
Gureviciene et al. [70] 
Trinchese et al. [17] 


MECHANISMS OF A|3-ASSOCIATED MEMORY 
IMPAIRMENT IN TRANSGENIC MICE 

Although the APP transgenic mouse is a reasonable model for amyloid deposition, 
the absence of significant neuron loss implies that it is not a good model for AD 
[58-62]. Thus, one major contribution to the dramatic cognitive declines observed 
in AD cases is not present in these murine models. Still, the memory impairments 
are a consistent feature of the APP mouse phenotype and, to a large extent, have 
similar characteristics, applying primarily to hippocampus-mediated tasks. Assum¬ 
ing that the mechanism(s) causing memory impairment in APP mice contribute to 
at least early mnemonic changes found in AD cases, an understanding of these 
mechanisms is likely to suggest additional therapeutic targets. 

An obvious correlate of memory function to examine in APP transgenic mice 
is long-term potentiation (LTP), a form of synaptic plasticity often argued to underlie 
learning. Unfortunately, the phenotypic changes in synaptic transmission in APP 
transgenic mice have not been as uniform as the changes in memory function (Table 
10.2). The first study examining LTP in the Tg2576 mice found normal synaptic 
transmission in 14- to 17-month-old mice but reduced hippocampal LTP [63]. Noting 
that many ex vivo hippocampal slices from APP mice died unless kynurenic acid 
was included during slice preparation, the researchers also measured LTP in vivo 
and found a similar reduction in APP transgenic mice. When APP mice were 
combined with nontransgenic mice, there was a correlation between T-maze perfor¬ 
mance and the extent of LTP. However, when evaluating the same mice, Fitzjohn et 
al. [64] found normal paired pulse and long-term potentiation but impaired synaptic 
transmission at 18 months. In 27- to 28-month-old PD APP mice, Larson et al. [65] 
found results similar to those described by Fitzjohn et al. [64], with impaired synaptic 
activity but with LTP maintained. Similar observations were made by Hsia et al. 
[26] and Roder et al. [66] in 12- and 18-month-old APP23 mice and by Harris- 
Cerruti et al. [67]. Perhaps most atypical was the report by Jolas et al. [68]. They 
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found that LTP was increased in slices from 5-month-old CRND8 APP mice relative 
to nontransgenic animals but that field potential slopes declined. Dewachter et al. 
[69] found an LTP deficit in an APP mouse that was rescued when the mice were 
bred onto a targeted PS 1-null condition. However, the memory deficits in this mouse 
were not rescued by the PS 1-null condition, arguing that something more than LTP 
changes were involved in the memory dysfunction. Trinchese et al. [17] found LTP 
deficits in APP+PS1 mice at 3 months when plaques were first appearing. The extent 
of the LTP deficit progressed as the mice aged, in parallel with reductions in working 
memory on the radial arm water maze. In a slightly different APP+PS1 mouse, 
Gureviciene et al. [70] found normal LTP induction and maintenance for 60 min in 
vitro. Yet, when potentiating the perforant path in vivo , they found more-rapid decay 
of the potentiation when measured 24 h later. Although a simple summary of these 
disparate results is not straightforward, it seems likely that APP mice have some 
disruption of normal synaptic physiology. It may be hard to measure LTP in the 
same manner if baseline parameters are not consistent in transgenic and nontrans¬ 
genic mice. The two in vivo studies appear to consistently identify reductions in 
LTP, and a more rapid decay of a potentiated synapse would appear consistent with 
the behavioral literature. Still, this is an area requiring more effort before reaching 
consensus. 

As mentioned above, neuron loss is not a significant feature for the APP trans¬ 
genic mouse phenotype. However, another possibility is that there is synapse loss, 
argued to be the best pathological correlate of cognitive decline in AD [71]. Here 
the data are mixed. Initial results suggested loss of synaptophysin fluorescence in 
the APP mice [6, 72], often in the absence of detectable amyloid deposits [26, 27]. 
In some instances, it is possible that these changes were associated with reduced 
volumes of the corresponding structures [12, 73, 74]. Other studies failed to find 
reductions in synaptophysin staining [58-61] or even increases in synaptophysin 
staining [12, 75]. Some of the differences may be attributable to different mouse 
lines or the brain regions studied. Thus far, most studies finding deficits used 
fluorescence detection, while those not finding differences used peroxidase reaction 
product for detection. Furthermore, given the enrichment of synaptophysin in the 
dystrophic neurites surrounding plaques [21], determining how each study in plaque¬ 
bearing mice dealt with these sources of synaptophysin reactivity is an important 
consideration. It is likely that there is some structural loss of presynaptic markers 
in select regions of the transgenic mice, but this loss is likely modest. 

Perhaps more important than structural changes are functional changes in syn¬ 
aptic markers. Several years back, our group compared the gene-expression profiles 
of memory-deficient 16- to 18-month-old APP+PS1 mice to nontransgenic litter- 
mates in both plaque-bearing regions (hippocampus, cortex) and plaque-free regions 
(cerebellum, brain stem) using both microarrays and real-time PCR (polymerase 
chain reaction) [76]. We used several criteria (size of difference, statistical signifi¬ 
cance, selectivity for plaque-bearing regions) to identify a small number of genes 
(fewer than 50) that were modified only in the plaque-bearing regions of transgenic 
animals. Many of these were associated with inflammation in the vicinity of the 
plaques, and some were associated with the transgene itself, but several were unexpected 
findings and had been previously linked to learning and memory. One category included 
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immediate early genes such as arc and zif 264. Down-regulation of these genes 
causes consolidation failures in rodent models of memory or synaptic plasticity 
(referenced in Dickey et al. [77]). Others were postsynaptic proteins, such as the 
NMDA (N-methyl-D-aspartate) receptor subunit NR2B. PSD-95 (Post Synaptic 
Density Marker-95), or calmodulin kinase II-, is also linked to neural plasticity. In 
general, the RNA content for a number of presynaptic markers, including synapto- 
physin, remained stable. A similar pattern of changes, with deficiencies of postsyn¬ 
aptic markers (debrin, fractin) and stability of presynaptic markers (synaptophysin), 
was observed by Calon et al. [78] in 16- to 18-month-old Tg2576 mice. For the 
immediate early genes, our group subsequently identified that the basal level of 
expression was unaffected in the transgenic animals but that the induction caused 
by exposure to a novel environment was suppressed [77]. Palop et al. [79] observed 
a similar reduction in the immediate early gene c-fos in the J20 APP transgenic 
mouse line. This marker and reductions in the calcium-regulated protein calbindin 
were significantly correlated with Apl-42 levels and memory impairment in these 
mice. 

We also found that sodium potassium ATPase, the enzyme using 40% of the 
brain’s ATP, was decreased at both the message level and by enzymatic assay in 
plaque-bearing regions [80]. When evaluated immunohistochemically, there was a 
paucity of immunoreactivity for the enzyme in a penumbral region surrounding each 
Congo red-stained deposit. Given the overlap of this zone with the location of the 
swollen neurites, we speculated (“wildly” so, to some reviewers) that a local loss 
of ionic homeostasis might lead to osmotic imbalance in the vicinity of the plaques, 
leading to swelling of the neural processes. This might also alter the electrotonic 
properties of the dendrites associated with these processes, leading to impaired 
transmission of postsynaptic potentials. Clearly, further efforts will be needed to test 
this hypothesis, but 30% reductions in the activity of this critical enzyme are likely 
to have significant impact on neural function. 

CONCLUSIONS 

The APP transgenic mice are a very good model of the amyloid deposition found 
in Alzheimer dementias. The patterns of deposition, regional distribution, and even 
the anatomical localization of the short and long variants mimic the human disease. 
The APP mouse phenotype also consistently includes progressive memory impair¬ 
ment. This phenotype appears to be due to A|3 accumulation and not overexpression 
of APP, as the BACEl-null background, which overproduces APP but not A(3, rescues 
the memory phenotype. Still, none of the readily measurable pools of A(3 seem to 
correlate linearly with this memory loss, suggesting that an occult pool, possibly 
oligomeric, is more directly linked to the memory deficits. 

A number of manipulations, most notably immunotherapies, have been found 
to regulate the memory phenotype. Not all successful manipulations modify A(3 
levels (at least detectable forms of A|3). This argues that there are steps in memory 
processing downstream from the site of A(3 action where interventions can be 
targeted. It is plausible that even treatments targeted at A(3 might have their greatest 
effect at downstream sites, e.g., reduced inflammation, independent of A(3 reductions. 
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It is likely that AD, like many other degenerative disorders, will be managed through 
multiple treatment modalities. An overnight cure seems unlikely. 

The mechanisms mediating these memory deficiencies are not clear. Given that 
we cannot identify a pool of A(3 that is intimately linked to the memory impairments, 
it is difficult to identify targets for this A(3 pool and their impact on downstream 
effectors. A number of candidates have been identified, but at the moment these can 
only be viewed as associated with the memory disruptions. Causal linkages will be 
difficult to prove. 

With respect to AD, the value of the APP transgenic models is to screen drug 
candidates proposed to act on the human disease by reducing amyloid. It is less 
certain whether agents protecting from memory loss in the APP mice, independent 
of their influence on A(3 effects, will translate into the human condition. This will 
depend upon the extent to which failing memories in AD are due to amyloid- 
associated changes in neural processing versus structural loss of neurons and synapses. 
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Animal Models of Cognitive Impairment 


The cholinergic system’s essential involvement in both preclinical and clinical 
aspects of cognition processes has been proposed and reviewed extensively else¬ 
where. Terry and Buccafusco 1 provide the latest review on this subject. According 
to this review, all currently approved FDA drugs for the treatment of Alzheimer’s 
disease are cholinesterase inhibitors, which exert their efficacy apparently through 
stimulation of both muscarinic acetylcholine receptors (mAChRs) and nicotinic 
acetylcholine receptors (nAChRs). 

Gene targeting (knockout) technologies allow us to replace the gene of interest 
with one that is inactive, altered, or irrelevant. 2 In the case of a completed deletion, 
a gene is knocked out in vivo , and a mutant organism with a deficit in the gene 
product is generated. The lack of suitable embryonic stem (ES) cell lines prevents 
the application of these technologies into rats. 3 However, mice and humans are both 
mammals, and both species contain a similar number of genes that show a high 
degree of similarity. 4 5 Therefore, in rodents, mouse is a better species for employing 
the knockout approach compared with rat. In theory, knockout (KO) mice contain 
a targeted gene that is deleted; therefore, no product of the mutated gene is synthe¬ 
sized in the null mutants. 6 These mutant mouse lines, which have inactivating 
mutations of the individual genes, can be studied in a battery of physiological, 
pharmacological, behavioral, biochemical, and neurochemical tests to confirm or 
invalidate a hypothesis on the effects of specific proteins in the function of the brain. 

Muller 7 provided an excellent review article regarding targeted mouse mutants 
from vector design to phenotype analysis. The cited article provides detailed tech¬ 
nical information on how to generate KO mice, including selection markers and 
screening strategies, potential problems and pitfalls, as well as construct design. 
Moreover, Bolivar et al. 8 have summarized behavioral profiles in all available knock¬ 
out mice. They also provide updated information on available KO mice through their 
Web site, which is identified in their article. Additional information about Internet 
resources regarding transgenic rodent production is provided by Wells and Carter. 3 

Because gene-targeting techniques enable us to analyze diverse aspects of gene 
function in whole animals, measurable phenotypes relevant to human pathology 
could be obtained in a good mouse model of human disease. However, for most 
diseases in the central nervous system (CNS), the coexistence of malfunctions in 
multiple subtypes of the same receptor or in multiple neurotransmitters typically 
contribute to a complex phenotype such as cognition. For example, Buccafusco and 
Terry 9 demonstrate that multiple CNS targets are needed to elicit beneficial effects 
on memory and cognition. Therefore, generating multiple mouse mutants that mimic 
all facets of a multifactorial disease would help us to address individual subsets of 
symptoms of the disease. 

In short, knockout technologies provide a powerful tool to reveal and refine 
treatment strategies for human disorders by building bridges between genetics and 
the pathogenesis of disease. Behavioral phenotypes discovered in the mutant can be 
used to evaluate (screen) the efficacy of potential new pharmacological therapies. 
For example, by evaluating the results of specific behavioral tests — including 
learning and memory tests in mAChR, nAChR, and acetylcholinesterase (AChE) 
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KO mice — our knowledge of cognitional impairment would be broadened. This, 
in turn, will improve our ability to identify potential new drug therapies for the 
treatment of cognitional aspects of such diseases as Alzheimer’s disease, attention 
deficit hyperactivity disorder (ADHD), and schizophrenia. 

This chapter focuses on: 


Available cholinergic receptor KO mouse models, including muscarinic 
acetylcholine receptor (mAChR) KO mice, nicotinic acetylcholine receptor 
(nAChR) KO mice, and acetylcholinesterase (AChE) KO mice 
Cognitional-related data for mAChR KO mice 
Limitations on KO mouse models and future directions 


MUSCARINIC ACETYLCHOLINE RECEPTORS 

(MACHRS) 

Detailed information on mAChRs is presented in Chapter 2 of this book. For the 
purpose of the discussion presented here, it is enough to state that five subtypes of 
mAChR (Mj, M 2 , M 3 , M 4 , and M 5 ) have been identified so far, with M 1? M 3 , and 
M 5 receptors coupled to the G q/11 protein, which activates phospholipase C, and with 
the M 2 and M 4 receptors coupled to the G i/0 protein, which inhibits adenylate cyclase 
activity. Most tissues express multiple mAChRs, and those mAChRs are often 
coupled to the same subset of G proteins; this has led to the generation of double 
knockout mice, such as M 2 —/— M 4 —/— and Mj—/— M 3 —/-. 

Generation of mAChR KO Mice 

Knockout mAChR mice are genetically altered mice with no functional single¬ 
subtype mAChR or double-subtype mAChRs. The lack of highly selective ligands 
(agonist and antagonists) for mAChRs limits us from realizing the fullest potential 
of the classical pharmacological approaches that are used to investigate the functional 
roles of individual mAChR subtypes. The fact that most brain regions express several 
different mAChRs does not help in overcoming this obstacle either. Alternatively, 
one way to make a correlation between specific pharmacological activities and 
subtype-specific mAChRs is to evaluate parameters of interest in a mutant mouse 
lacking in subtype-specific mAChRs with no dramatic changes in its vital signs. 

In 1997, the first mAChR KO mouse (129SvJxC57BL/6) was generated by 
Nathanson’s group at the University of Washington. 10 In brief, the homologous 
recombination technology is employed in embryonic stem (ES) cells to generate 
mice with a selective deficiency in the Mj mAChR gene. The lack of an Mj receptor 
is verified by immunoprecipitation analysis, and there must be no alterations in the 
levels of the M 2 , M 3 , and M 4 receptors. In addition, there must be no significant 
changes in brain morphology or in the pattern or levels of expression of the M 2 , M 3 , 
and M 4 receptors via immunocytochemical analysis. 
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Within the next five years after introduction of the first mAChR KO mouse, 
Wess led groups within the National Institutes of Health (NIH) to create all five 
subtypes of mAChR KO mice: 

Mj mAChR KO mice were produced by Miyakawa et al. 11 with genetic 
background 129SvEvxC57BL/6J and by Fisahn et al. 12 

M 2 mAChR KO mice were produced by Gomeza et al. 13 with genetic back¬ 
ground 129JlxCF-l. 

M 3 mAChR KO mice were produced by Yamada et al. 14 with genetic back¬ 
ground 129SvEvxC57BL/6 and 129SvEv. 

M 4 mAChR KO mice were produced by Gomeza et al. 15 with genetic back¬ 
ground 129SvEvxCF-l. 

M 5 mAChR KO mice were produced by Yamada et al. 16 with genetic back¬ 
ground 129SvEvxCF-l. 

Others laboratories also produced different types of single mAChR KO mice. 
For example, 

Mj mAChR KO mice were established by Gerber et al. 17 with genetic back¬ 
ground C57BL/6. 

M 2 mAChR KO mice were produced by Matshui et al. 18 

M 3 mAChR KO mice were created by Matshui et al. 19 with genetic back¬ 
ground 129SvJxC57BL/6). 

M 4 mAChR KO mice were created by Karasawa et al. 20 

M 5 mAChR KO mice were generated by Yeomans et al. 21 with genetic back¬ 
ground 129SvJxCDl and by Takeuchi et al. 22 

Subsequently, double subtypes of mAChR KO mice were generated: 

M 1 /M 3 mAChR double mutants were created by Ohno-Shosaku et al. 23 

M 2 /M 3 mAChR double KOs were produced by Matshui et al. 24 via first 
crossing M 2 —/— (N 3 generation) and M 3 —/— (N 2 generation) to generate 
M 2 +/- M 3 +/- mice; then, intercrossing between these mice yielded pups 
of various genotypes for M 2 and M 3 alleles, including M 2 —/— M 3 —/— 
mutants. 

M 2 /M 4 mAChR mutants were generated by Zhang et al. 25 with genetic back¬ 
ground 129Jlxl29SvEvxCFl via intermating homozygous M 2 —/— and M 4 —/—. 

General Observations in mAChR KO Mice 

Although multiple abnormalities were observed in all single or double mAChR KO 
mice, their general appearance was normal compared with their wild-type counter¬ 
parts, and they did not show any obvious morphological or behavioral deficits. A 
summary of the major phenotypes displayed by M t toM 5 mAChR-deficient mice is 
provided by Wess. 26 A brief review of the functional analysis of mAChRs in mAChR 
KO mice is provided by Matsui et al. 27 
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COGNITIONAL DATA WITH mAChR KO MlCE 

Muscarinic agonists have been proposed as potential pharmacotherapeutic targets 
for the treatment of cognitive impairment (for a review, see Felder et al. 28 ). 

mAChR KO Mice (M-, Receptor-Deficient Mice) 

The Mj mAChRs medicate neurotransmitter signaling in the cortex and hippocam¬ 
pus. 29 In addition, Mj mAChRs actively participate in higher cognitive processes, 
such as learning and memory processes (Bymaster et al., 29 Sarter and Bruno, 30 
Iversen, 31 ). Therefore, mAChR agonists have been proposed to have a potential 
clinical utility in ameliorating cognitive deficits associated with Alzheimer’s disease. 31 

To determine the relationship between the lack of Mj mAChRs and cognitive 
deficits, Mj KO mice were evaluated in three different hippocampus-dependent 
learning tasks, as described by Miyakawa et al. 11 Three major findings were reported 
from those tests: 

1. Mj mAChR KO mice have no performance deficit in the Morris water 
test compared with their wild-type (Wt) counterparts. 

2. Mj mAChR KO mice exhibit performance deficits in the eight-arm radial- 
maze test. 

3. Mj mAChR KO mice display reduced freezing in a fear-conditioning test. 

Highlights from each of these tests are summarized as follows. 

Morris water maze with a hidden platform is a test that is used to evaluate spatial 
reference memory in rodents. Overall, Mj mAChR KO mice performed at the same 
level as their Wt controls in this test paradigm. For example, there were no significant 
differences detected between Mj mAChR KO mice and Wt controls in escape 
latencies (time required to reach the platform) in both the original training and the 
reversal training, in swimming speed, or in time spent in the perimeter of the pool. 
Moreover, when the platform was removed, there were no significant differences in 
the performance of the genotypes for three additional parameters: searching the 
correct area where the platform was originally located, time spent in the training 
quadrant compared with the other quadrants, and frequencies of crossing the training 
site compared with equivalent sites in the other three quadrants. 

For assessment of spatial working memory, an eight-arm radial maze was used. 
Two primary end points were measured in this test. The first end point was the 
number of revising errors, defined as test subjects returning to the arms that had 
been visited previously to retrieve a food pellet. Mj mAChR KO mice had signifi¬ 
cantly high numbers during trials without delay (1st to 14th trials) compared with 
their Wt controls. However, there were no significant differences identified in num¬ 
bers between genotypes during the trials with delay (30-sec delay in the 15th trial 
and 2-min delay in the 16th to 18th trials. The second end point was the number of 
different arms chosen during the first eight choices, which represents working mem¬ 
ory. In this measurement, Mj mAChR KO mice exhibited similar levels of perfor¬ 
mance compared with their Wt controls in trials without delay and with delay. 
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In a contextual and cued fear-conditioning test, Mj mAChR KO mice displayed 
lower levels of freezing after foot shocks compared with their Wt littermates during 
the conditioning period. However, similar levels of freezing during context testing 
conducted 24 h after conditioning were observed between mAChR KO mice and 
their Wt controls. In contrast, a significant reduction in freezing levels was detected 
in Mj mAChR KO mice compared with their Wt controls when context testing was 
conducted 4 weeks after conditioning. Moreover, mAChR KO mice exhibited 
significantly reduced levels of freezing when the conditioned stimulus (tone) was 
challenged in an altered context 48 h after conditioning (cue testing). 

Mj mAChR KO mice exhibit hyperactivity under normal, social, or stressful 
conditions. 11 This pronounced increase in locomotor activity is apparently a unique 
phenotype to Mj mAChR KO mice, since hyperactivity was not detected during an 
open field test in either M 2 mAChR KO or M 3 mAChR KO mice, although M 4 
mAChR KO mice exhibited a relatively moderate elevation in locomotor activity 
compared with the hyperactivity of the Mj mAChR KO mice. Therefore, the authors 
propose that this phenotype might be the primary reason for the performance deficits 
of the Mj mAChR KO mice in both the eight-arm radial maze and the contextual 
and cued fear-conditioning test. They further suggest that Mj mAChRs may play a 
less critical role in cognitive function and a more prominent role in the regulation 
of locomotor activity. Given the proposed link between cognition and hyperactivity 
in Mj mAChR mice, the authors then speculate that Mj mAChR KO mice may be 
an appropriate animal model to study attention deficit hyperactivity disorder 
(ADHD), with key symptoms including hyperactivity and impermanent cognition. 32 

Anagnosaras et al. 33 also conducted several learning and memory tests in Mj 
mAChR KO mice. In their studies, compared with Wt controls, Mj mAChR KO 
mice displayed better performance in a context conditioning test; normal perfor¬ 
mance in the Morris water-maze test (hidden platform); and severe deficits in win- 
shift and social discrimination learning, in which Mj mAChR KO mice failed to 
show significant discrimination ability, while the Wt controls did. The authors credit 
their results as a notable finding, since all of those memories are assumed to be 
dependent on similar processes in the hippocampus and thus are distinguishable by the 
Mj mAChR null mutation. Therefore, the authors suggest that the effect of Mj mAChRs 
on memory function should not be categorized as either the acquisition or maintenance 
of information. Brief analyses on data from these studies are summarized below. 

In contrast to the impaired performance of Mj mAChR KO mice observed in 
the win-shift radial arm maze or social discrimination tests, there were no genotype 
differences detected in the Morris water maze (hidden platform) for the following 
parameters: (1) latencies throughout acquisition and training, (2) search time in each 
quadrant during the first probe trial at the end of day 3 and the second probe trial 
taken at the end of day 6, (3) preference for the target quadrant, and (4) good retention 
in the additional probe trial 10 days after probe 2. 

According to Anagnosaras et al., 33 assessment of spatial reference memory 
could be conducted in either the Morris water maze (hidden-platform version) or 
the win-shift radial arm maze. In addition, both contextual fear conditioning and 
the Morris water maze (hidden-platform version) are considered as reference- 
memory tasks and could be viewed as a matching-to-sample problem, leading to 
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the concept of generalization. On the other hand, win-shift working memory, which 
is dependent on the hippocampus and prefrontal cortex, could be considered as a 
nonmatching-to-sample problem, which potentially requires the buildup of inhibition 
against matching to previously visited arms; therefore, a nonmatching-to-sample 
task is a more complicated process compared with a matching-to-sample task. Mj 
mAChR KO mice display deficits in both win-shift and social discrimination tests 
(nonmatching-to-sample tasks), which require the prefrontal cortex; thus the authors 
suggest that M x mAChR KO mice may have a prefrontal or other cortical deficiency. 
Furthermore, Mj mAChR KO mice initially showed enhanced performance in con¬ 
textual fear conditioning, then followed by impaired performance in consolidation 
over the time period when the task becomes independent of hippocampus. Therefore, 
the authors propose that Mj mAChR KO mice have a deficiency in either cortical 
memory or hippocampal-cortical interaction, which is specific to working memory 
and to remote reference memory. In turn, the authors conclude that mAChR 
receptors are important in cortical memory function and in the interaction between 
the cortex and the hippocampus, but that they are not essential for memory acqui¬ 
sition by the hippocampus per se. 

A nonselective mAChR antagonist, scopolamine, was used by the authors to 
evaluate scopolamine-induced hyperactivity. Exploratory activity was measured on 
a large, dark, open field. Both mAChR KO and Wt mice showed hyperactivities 
after both saline and scopolamine administration. Because scopolamine had no 
different effect on hyperactivity in Mj mAChR KO mice compared with Wt litter- 
mates, scopolamine-induced hyperactivity may mediate through other subtypes of 
mAChRs in addition to Mj mAChRs. Furthermore, in conditioning chambers, sco¬ 
polamine did induce hyperactivity in Mj mAChR KO mice. However, after trans¬ 
ferring those same Mj mAChR KO mice to the fear-conditioning chambers for 4 
min without scopolamine, hyperactivity disappeared. These data suggest that Mj 
mAChR KO mice can be hyperactive under certain conditions, such as during 
exploration under low anxiety, and that the magnitude of this hyperactivity is milder 
than scopolamine-induced hyperactivity. Therefore, Anagnosaras et al. 33 conclude 
that the hyperactivity phenotype of Mj mAChR KO mice should not prevent them 
from being used as an animal model to assess memory, since Mj mAChR KO mice 
had normal learning and memory in tasks sensitive to hyperactivity. 

Cognition impairment was also examined in Mj mAChR KO mice and Wt 
controls with scopolamine administration. 33 Scopolamine induced impaired water- 
maze performance and had an equivalent effect on both mAChR mice and Wt 
controls. These data are in line with the work of Miyakawa et al., 11 which provides 
further evidence that scopolamine does not produce memory deficits by acting 
through Mj mAChRs alone. 

Data from both cell biology and biochemistry fields suggest that there is a link 
between hippocampal long-term potentiation (LTP) and learning and memory. 4 A 
modest role of Mj mAChRs in synaptic plasticity was demonstrated via evaluating 
Schaffer collateral LTP in the hippocampal slice, a cellular model of learning. 
Anagnosaras et al. 33 reported that, under physiologically relevant conditions, there 
was a genotype difference, with pronounced reduced LTP induced by two theta burst 
stimulations (TBS) in Mj mAChR KO mice compared with those in Wt controls. 
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In summary, the data presented here indicate that the lack of Mj mAChR 
receptors may not produce severe cognitive deficits, since only relatively mild 
cognitive deficits were observed in Mj mAChR KO mice. Moreover, other subtypes 
of mAChRs besides Mj mAChRs may play a role in learning and memory as well, 
a supposition supported by (a) the data showing that scopolamine, a nonselective 
mAChR antagonist, induced comparable cognitive deficits in both Mj mAChR KO 
mice and Wt controls in the Morris water-maze test and (b) the observations that 
some learning abilities remained intact following scopolamine administration. How¬ 
ever, several research groups report that deletion of one specific mAChR gene does 
not have major effects on the expression levels of the remaining four mAChRs at 
the limited tissues examined. 26 Furthermore, mAChRs may have a more compli¬ 
cated role than is generally assumed, a role that is not limited to the hippocampus. 
For example, based on Anagnosaras et al., 33 the interaction between the hippocampus 
and cortex for processing information requires the involvement of Mj mAChRs. In 
addition, it is possible that compensative processes may have taken place during the 
development of mAChR KO mice. For example, multiple neuronal systems are 
believed to be involved in cognition processes 1 ; thus, other non-mACh neurotrans¬ 
mitters may play a critical cognition role in Mj mAChR KO mice. Moreover, the 
contribution of Mj mAChRs to cognitive functions may only be recognized when 
other compensatory receptor systems are disrupted simultaneously. 26 In conclusion, 
the exact role of mAChRs in learning and memory has yet to be elucidated. 

M 2 mAChR KO Mice (M 2 Receptor-Deficient Mice) 

A large body of evidence suggests that cholinergic hippocampal pathways are 
involved in cognitive processes (for review, see Terry and Buccafusco 1 ). In addition, 
M 2 mAChR is one of the major autoreceptors acting in hippocampal circuits (for 
review, see Felder et al. 28 ). Therefore, Tzavara et al. 34 conducted some experiments 
to determine the role of M 2 mAChRs in learning and memory processes in relation¬ 
ship to its regulation of ACh release in hippocampus. They reported that basal ACh 
levels in the hippocampus were similar in both M 2 mAChR KO mice and Wt controls. 
However, scopolamine induced less hippocampal ACh release in M 2 mAChR KO 
mice compared with that in Wt controls. When placing test subjects into a novel 
environment, M 2 mAChR KO mice had significant elevation of hippocampal ACh 
levels in both amplitude and duration compared with their counterparts. In a passive- 
avoidance paradigm, M 2 mAChR KO mice displayed inferior performance, evi¬ 
denced by shorter latencies to enter the darkened chamber on day 2, compared with 
their Wt littermates. Therefore, the authors suggest that M 2 mAChRs are involved 
in regulation of ACh efflux in the hippocampus, which translates into their partici¬ 
pation in cognitive processes. This finding has broadened the functional role of M 2 
mAChRs beyond their generally recognized contribution in mediating cardiovascular 
function. 

Furthermore, Zhang et al. 25 suggest that M 2 mAChRs are the predominant inhib¬ 
itory mACh autoreceptor in both the hippocampus and cerebral cortex. In their 
experiments, they found that agonist-dependent inhibition of stimulated [ 3 H]ACh 
release was completely abolished in hippocampal and cortical preparations from M 2 
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mAChR KO mice, but not from M 4 mAChR KO mice. The authors thus propose 
that centrally activated M 2 mAChR antagonists may be considered for the treatment 
of Alzheimer’s disease, since Alzheimer’s disease patients normally have reduced 
levels of ACh in both the hippocampus and cerebral cortex. 

M 2 mAChRs may also have a role in learning and memory during the aging 
process, as seen in data based on rat, 35 where cognitive deficits were observed in 
aged and memory-impaired (AI) rats in a Morris water maze. BIBN-99, an M 2 
antagonist, reversed the impaired ACh release in a dose-dependent manner, as evi¬ 
denced via in vivo dialysis. In addition, BIBN-99 countered scopolamine-induced 
amnesia in young rats. Therefore, the authors suggest that the role of M 2 mAChRs 
in autoregulation of ACh levels in synaptic cleft may contribute to the learning 
deficits observed in the age-impaired group. 

M 3 mAChR KO Mice 

M 3 mAChRs are richly expressed in the brain. However, little CNS work has been 
conducted to assess the functional roles of M 3 mAChRs. 29 Possible links between 
M 3 mAChRs and cognition could be a fruitful area of exploration. 

M 4 mAChR KO Mice 

In addition to M 2 mAChRs, M 4 mAChRs are the other autoreceptors in hippocampal 
circuits. 28 To determine the role of M 4 mAChRs in cognitive processes, Tzavara et 
al. 34 conducted several experiments in the hippocampus using M 4 mAChR KO mice. 
They reported that basal ACh levels were elevated significantly in M 4 mAChR KO 
mice compared with their Wt controls. However, scopolamine induced elevation in 
ACh release in both M 4 mAChR KO mice and Wt, with no significant difference in 
magnitude. Moreover, in passive-avoidance tests, M 4 mAChR KO mice did not show 
impaired memory retention compared with Wt littermates. After mice were placed 
in a novel environment, hippocampal ACh levels were increased in M 4 mAChR KO 
mice. Based on these data, the authors suggest that M 4 mAChRs play a predominate 
role in a tonic autoregulatory fashion to mediate ACh release, which means that M 4 
mAChR has a potential to be involved in learning and memory processes. However, 
its exact role in cognitive processes is still unclear at this point. 

Other evidence also suggests a potential role of M 4 mAChRs in cognitive pro¬ 
cesses. For example, the distribution and density of M 4 mAChRs in the brain are 
similar to those for mAChRs. 29 Moreover, almost all antagonists that display 
high affinity for Mj receptors also show high affinity for M 4 receptors. 15 Therefore, 
M 4 mAChR KO mice could be utilized to further explore the role of M 4 mAChRs 
in learning and memory processes. 

M 5 mAChR KO Mice 

Deficits in cholinergic dilation of cerebral blood vessels have been suggested to play 
a role in the pathophysiology of Alzheimer’s disease. Yamada et al. 16 have proposed 
that M 5 mAChRs mediate the diameter of cerebral arterioles and arteries. They base 
this proposal on their data showing the absence of cholinergic dilation of cerebral 
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blood vessels in M 5 mAChR KO mice, while Wt controls have this function. As a 
result, the authors suggest that selective M 5 mAChR agonists may have a potential 
clinical utility for increasing cerebral blood follow in certain diseases, including 
Alzheimer’s disease and cerebral ischemia. 

Double and M 3 mAChR KO Mice 

Although double M/M 3 mAChR KO mice have been generated, 23 few cognitive 
tests have been conducted in this animal model. Iversen 31 has reported that mAChR 
agonists with functional selectivity for M 1 /M 3 receptors reversed scopolamine- 
induced effects in rats on several test paradigms, including passive avoidance, con¬ 
ditioned suppression of drinking, and delayed matching to position. Therefore, 
double M/M 3 mAChR KO mice may be useful in further exploring the physiological 
function roles of or M 3 mAChRs in cognition. 

Double M 2 and M 4 mAChR KO Mice 

In vivo microdialysis data 34 showed significant increases in basal ACh levels in 
double M 2 /M 4 mAChR KO mice compared with Wt controls. In addition, the mag¬ 
nitude of the elevation of basal ACh levels in double M 2 /M 4 mAChR KO mice was 
greater than that in M 4 mAChR KO mice, indicating the involvement of M 2 mAChRs 
in inhibition of basal ACh release. Moreover, a scopolamine-induced increase in 
ACh levels in hippocampus was completely abolished in M 2 /M 4 mAChR KO mice, 
while there was a diminished effect in M 2 mAChR KO mice, suggesting a contri¬ 
bution by M 4 mAChRs as well. In the passive-avoidance paradigm, Tzavara et al. 34 
discovered that double M 2 /M 4 mAChR KO mice as well as M 2 mAChR KO mice 
had deficits in memory retention, but not M 4 mAChR KO mice. Therefore, they 
conclude that M 2 mAChRs are essential for the full development of learning and 
memory in the passive-avoidance test. 

NICOTINIC ACETYLCHOLINE RECEPTORS (NACHRS) 

Extensive information on nAChRs, including characterization of nAChR subunits 
at the molecular level, is available in the literature as well as in Chapter 3 of this 
book. So far, nine (a2 through a7 as well as (32 through (34) genes have been 
identified as having expression in mammals’ CNS. However, their in vivo functional 
roles are not yet fully understood. Furthermore, the large number of subunits of 
nAChR significantly adds to the complexities of this task. Moreover, as is the 
situation with mAChRs, highly selective ligands are not readily available at the 
present time. Therefore, genetically altered mice with functionally deficit nAChRs 
provide an opportunity to investigate both the function as well as composition of 
individual nAChRs. 

Generation of nAChR KO Mice 

Details of the generation of nAChR KO mice are available in the literature. 
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oc3 nAChR KO mice 36 
a4 nAChR KO mice 37 38 
a5 nAChR KO mice 39 
a6 nAChR KO mice 40 
a7 nAChR KO mice 41 
a9 nAChR KO mice 42 
(32 nAChR KO mice 43 44 
(33 nAChR KO mice 45 
(34 nAChR KO mice 44 

Double (32 and (34 nAChR KO mice ((32-/- (34-/-) 44 
Double a5 and (34 nAChR KO mice (double-null mutants with a5 and (34 
nAChR subunits deficiencies) 46 

General Observations in nAChR KO Mice 

Characterization of available nAChR KO mice and their potential functional roles 
in the CNS have been summarized by Champtiaux and Changeux. 47 In addition, 
Picciotto’s group 48 has provided a review on the physiological and behavioral phe¬ 
notypes and possible clinical implications in nAChR KO mice. 

In general, nAChR KO mice, with the exception of a3 nAChR KO mice, have 
no obvious abnormalities based on external observation. The a3 subunit is essential 
for survival, as 40% of a3 nAChR KO mice died from unknown causes in the first 
three days of life. In addition, almost all of the surviving a3 nAChR KO mice died 
over an interval of six to eight weeks after weaning 36 ; therefore, a3 nAChR KO 
mice may not be useful for meaningful behavioral studies. However, if the genetic 
targeting could be limited to the CNS only (a conditional mutation), then such 
modified a3 nAChR KO mice might be useful for evaluating the function of the a3 
subunit of nAChRs in the central tissue. 

The double a5—/— (34-/- mutants had no visible abnormality or neurological 
deficits. 46 In contrast, the double (32/(34 nAChR KO mice die during the first three 
weeks of life, although (32 nAChR KO mice and (34 nAChR KO mice are viable 
and develop normally. In addition, this double (32/(34 nAChR KO mouse has a similar 
phenotype as that in a3 nAChR KO mice. 44 Therefore, Xu et al. 44 proposed that 
there might be a partial redundancy between (32 and (34 subunits of nAChRs. 

COGNITIONAL DATA WITH nAChR KO MlCE 

Data from several groups suggest that nicotinic agonists improve cognition in animal 
models. 9,49-51 Furthermore, based on data in adult female rats, a4(32 and a7 receptors 
in the ventral hippocampus appear to have critical roles in working memory. 52 
However, Levin 51 pointed out that due to availability of relatively selective ligands 
that exist only for a4(32 and a7, research has been principally limited to those two 
receptors. Furthermore, other brain regions such as the frontal cortex and the amygdala 
may also be of interest in nicotinic actions on memory. 53 A large body of evidence 
presented elsewhere also demonstrates that nicotine has a clinical utility for cognitive 
enhancement. Buccafusco and Terry 9 provided summary data on memory enhancement 
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in human and nonhuman primates as well as a comparison of efficacy data from 
potentially cognitive-enhancing agents. Moreover, the number of a4-containing 
receptors seems to be reduced in Alzheimer’s disease. Furthermore, in schizophrenia, 
there is a decrease in both a4(32 and a7 receptors. 51 Levin and Rezvani 53,54 have 
reviewed nicotinic treatments for Alzheimer’s disease, schizophrenia, and attention 
deficit hyperactivity disorder along with relevant preclinical data. Finally, after 
analyzing many epidemiological studies, Fratiglioni and Wang 55 have found that 
cigarette smokers are about 50% less likely to have Alzheimer’s disease than age- 
and gender-matched nonsmokers, indicating nicotine (cigarette) may have an effect 
against the development of Alzheimer’s disease. 

(32 nAChR KO Mice 

(32 nAChRs play a role in passive-avoidance learning. In a passive-avoidance para¬ 
digm, p2 nAChR KO mice exhibited enhanced latency of entry into a dark com¬ 
partment, where they previously had been punished during the training, compared 
with Wt controls, indicating that at least some p2 nAChRs are endogenously active. 
However, 24 h postadministration of low doses of nicotine, p2 nAChR KO mice did 
not further increase the previously observed latency; in other words, p2 nAChR KO 
mice failed to show nicotine-induced enhancement of performance, suggesting that 
p2 nAChRs contribute to this phenotype. 43 

A fear-conditioning task was conducted in p2 nACh KO mice by Caldarone et 
al. 56 Based on their data, the authors conclude that p2 nAChRs are not essential for 
normal performance in this test paradigm in the absence of other abnormalities. 
However, p2 nAChRs have a critical role during the aging process to maintain 
neuronal function for performance in a fear-conditioning task. Some highlights from 
their work are summarized below. 

In either contextual or tone-conditioned fear tests, performance between young 
(2 to 4 months) p2 nAChR KO mice and Wt controls were indistinguishable. 
However, aged (9 to 20 months) p2 nAChR KO males displayed deficits in freezing 
in both context and tone tests compared with age-matched Wt males. In contrast, 
no differences in fear conditioning were detected between aged KO and Wt females. 
The authors point out that data from their test regarding unimpaired fear conditioning 
in young p2 nAChR KO mice are in line with intact spatial memory data generated 
by Picciotto’s group 43 from both Morris water-maze and passive-avoidance tests. 
Furthermore, in the latent-inhibition study, (32 nAChR KO mice showed a similar 
level of latent inhibition as that in Wt controls when both were preexposed to the 
tone. Moreover, both tone-preexposed and -nonpreexposed (32 nAChR KO mice 
displayed less freezing to the context as well as the tone compared with their Wt 
controls. In contrast, in the contextual and cued conditioning tests, there were no 
differences in freezing observed between (32 nAChR KO mice and Wt littermates. 

According to Caldarone et al., 56 (32 nAChRs have a protective role in aging. 
Their data demonstrate impaired fear conditioning in aged male (32 nAChR KO 
mice, but not in young (32 nAChR KO mice. Therefore, they conclude that the (32 
nAChR KO mouse is a good animal model for evaluating age-related cognitive 
disorders such as Alzheimer’s disease. 
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a4 nAChR KO Mice 

There is little cognition-related data on a4 nAChR KO mice. Ross et al. 38 evaluated 
motor learning with a rotarod in a4 nAChR KO mice and found that a4 nAChR 
KO mice performed equally well on rotarod compared with Wt controls. 

a7 nAChR KO Mice 

Nicotine improves sustained attention in mice, as evidenced in a five-choice serial 
reaction time (5-CSR) task in al KO mice. 57 In this study, a7 nAChR KO mice not 
only acquired the task much more slowly than their Wt counterparts, but also 
displayed a higher level of omission on attaining asymptotic performance. Because 
a7 nAChR KO mice take more time to acquire the task compared with their Wt 
controls and display a higher level of omission in a less-demanding version of the 
task, the authors suggest that the al nAChR mediates nicotine-induced improve¬ 
ments in sustained attention. Moreover, this was the first study to demonstrate 
nicotine-induced improvements in sustained attention in normal mice. This result 
further validates the hypothesis that nicotine-induced improvement in attention in 
normal humans is characterized by a reduction in omission levels and by an increase 
in the proportion of correct responses. 

Furthermore, it appears that the al subunit of nAChR does not have an essential 
role in aging-related cognition processes, since young adult al nAChR KO mice 
perform equally as well as their Wt controls in spatial learning (Morris water maze), 
in contextual and auditory fear conditioning, and in anxiety tests. 58 

According to Orr-Urtreger et al., 41 al nAChRs are richly expressed in the 
hippocampus. The authors concluded that al nAChR KO mice lack binding sites 
for a-bungarotoxin (a-BGT), a selective nAChR antagonist, and thus do not have 
hippocampal fast nicotinic currents. Furthermore, they suggest a possible action of 
nicotine on the hippocampus through activation, desensitization, or modification of 
a-BCT binding sites containing the al subunit. 

CHOLINESTERASES 

Two kinds of cholinesterases, namely acetylcholinesterase (AChE) and butyrylcho- 
linesterase (BChE), have been identified in the human CNS. 59 In contrast to rich 
information on AChE’s roles in CNS, there is very limited knowledge on BChE’s 
roles. 

Generation of AChE KO Mice 
(Acetylcholinesterase -/- Mice or Nullizygous) 

Details of the generation of AChE KO mice are available in the literature. 60,61 

General Observations in AChE KO Mice 

AChE KO mice live to adulthood, although they also die early (21 days) from 
seizures. 60,61 Detailed information on characterization of AChE KO is provided by 
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Duysen et al. 61 BChE activity was reported to be normal in AChE KO mice by Xie 
et al. 60 In addition, AChE KO mice were highly sensitive to the BChE-specific 
inhibitor bamabuterol. Moreover, Mesulam et al. 59 reported that mice lacking AChE 
inhibitor could use BChE to hydrolyze acetylcholine. These findings indicate that 
BChE and possibly other enzymes may be able to compensate for some functions 
of AChE. 

COGNITIONAL DATA WITH AChE KO MlCE 

Chronic administration of cholinesterase inhibitors is the primary therapy strategy 
for the treatment of Alzheimer’s disease. In fact, all FDA-approved drugs for the 
treatment of Alzheimer’s disease are AChE inhibitors (for a review, see Buccafusco 
and Terry 9 ). 

Volpicelli-Daley et al. 62 discovered that the absence of AChE changes mAChR 
expression, cell-surface availability, and function in brain regions associated with 
learning and memory, such as the hippocampus and cortex. For example, in AChE 
KO mice, the M t , M 2 , and M 4 mAChRs exhibited 50 to 80% decreased expression 
in the hippocampus and cortex. Moreover, and M 2 mAChRs decreased localiza¬ 
tion to dendrites, the cell surface, and presynaptic terminals. These data suggest that 
chronic use of AChE inhibitors may lead to mAChR down regulation. These results 
may also explain the observations of a modest symptomatic improvement after 
chronic administration of AChE inhibitors for the treatment of Alzheimer’s disease. 
Furthermore, AChE KO mice exhibited increased sensitivity to mAChR antagonist- 
induced elevation in locomotor activity, indicating functional mAChR down regu¬ 
lation and validating the possibility of adaptation. 62 Thus, the authors suggest that 
future studies should focus on understanding the factors regulating expression and 
localization of molecules involved in cholinergic transmission to improve efficacy 
of long-term use of AChE inhibitors. 

Li et al. 63 have proposed that other adaptation mechanisms may exist that have 
not yet been tested. For example, nicotine receptors could be down regulated in 
AChE KO mice, and rates of ACh synthesis and release may change in AChE KO 
mice as well. 

Similar levels of BChE activity were observed in both AChE KO mice and their 
Wt controls. 64 In addition, AChE KO mice have high levels of BChE activity in 
many tissues, and AChE KO mice live normally. Therefore, Li et al. 64 have suggested 
that BChE may have an essential function in AChE KO mice and probably in Wt 
mice as well, implicating a potential new therapy of selective BChE inhibitors for 
the treatment of Alzheimer’s disease. 

LIMITATIONS WITH GENE-TARGETING 
(KNOCKOUT) APPROACH AND 
FUTURE DIRECTIONS 

Although a mutant mouse with an identical molecular lesion generated by the gene¬ 
targeting technology enables us to analyze diverse aspects of gene function in vivo , 
this technology has some limitations as well. A summary of key points, including 
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limitations and potential solutions identified by different research groups, is pre¬ 
sented below. 

Genetic Background 

Conventional homologous recombination technologies are commonly used to intro¬ 
duce null mutations of interesting genes into embryonic stem (ES) cells. Homozy¬ 
gous mutant (KO) mice are generated by applying standard transgenic and mouse¬ 
breeding techniques. For technical reasons, two mouse strains are often used in gene 
targeting to produce null-mutation mice. Therefore, hybrid knockout mice are genet¬ 
ically different from their Wt controls. Consequently, observed alterations in phe¬ 
notypes may not be considered solely as the result of null mutation, since genetic 
background may contribute to alterations as well. 65 Moreover, the same mutation 
with different mouse strains may produce different phenotypes. 66 To address the 
issue of genetic background, Gerlai 65 has proposed two solutions. One strategy is 
to create a congenic strain that carries the mutation on the desired genetic background 
via repeatedly backcrossing the mutant hybrid animals (e.g., heterozygous mice) to 
the strain of choice. However, the drawback of this approach is that it is not an 
economically sound approach from both timeline and budget perspectives. The other 
option is not to utilize the hybrid mouse, considering the fact that it might not be 
an appropriate animal model for some behavioral tests. 

Wolfer et al. 67 have proposed another solution, a so-called reverse F 2 strategy, 
to address the problem of genetic background. According to the authors, employing 
their breeding schemes would not add specific technology, significant resources, and 
timeline concerns to the existing best practice for conventional gene targeting. 

To minimize the influence of background alleles, at least F 2 animals should be 
used when conducting studies in KO mice with mixed genetic background. More¬ 
over, Muller 7 suggests that the same mutation with different genetic backgrounds 
can enable us to discover gene functions that are not noticed on a single background. 
Consequently, mapping and cloning of these strain-specific modifier genes will help 
create better animal models for evaluating human diseases. Some examples of 
genetic backgrounds of mAChR KO mice are listed below. 

Mj mAChR KO mice: 

129SvJxC57BF/6 10 

C57BF/6 17 

129SvEvxC57BF/6 n 

M 3 mAChR KO mice: 

129SvJxC57BF/6 19 

129SvEvxC57BF/6 (mixed genetic background) and 129SvEv (pure ge¬ 
netic background; so-called isogenic mice) 14 

M 5 mAChR KO mice: 

129SvEvxCF-l 16 

129SvJxCDl 21 

Most of the nAChR KO mice have been generated via backcrossing to the 
C57B16 strain (a3, a4, a6, a7, and (32 and (34). 47 
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Developmental and Functional Compensation 

Compensatory processes could be trigged by alteration of the targeted gene, by 
molecular pathways associated with the targeted gene, as well as by the genetic 
background. 65 However, conducting studies in KO mice could reveal functional 
contributions of individual subtypes of mAChRs or nAChRs; two inherited issues, 
namely developmental adaptation and functional compensation, need to be 
addressed. 47 Furthermore, in general, many compensatory changes could be consid¬ 
ered as “normalizing,” since situations of “overshooting the mark” do occur. 68 

In theory, developmental compensation could occur at multiple levels, involving 
either the single-gene level, the genetic pathway level, or systemic adaptive mech¬ 
anisms. Moreover, it is most likely that related proteins functionally compensate any 
deficit associated with the loss of one family member. 7 When mutation occurs at the 
earliest stages of development, other genes may alter their own development courses 
in response to the absence of the target gene. 6 In such cases, developmental com¬ 
pensation may mask adult physiological or behavioral phenotypes due to the lack 
of an endogenous nAChR subunit in nAChR KO mice. 4 7 To address this issue, better 
control over gene ablation needs to be considered. For example, the approach of 
confining gene disruption into a specific timing, such as postnatal stage, should in 
principle help minimize the impact of potential developmental compensation and 
enable us to assess acute phenotypes in a true deficit state. 2 In addition, tissue- 
restricted deletion could prevent death in some cases, such as in a3 nAChR KO 
mice; if the deletion could be limited to the brain tissue, then the mutants would 
live long enough to conduct studies of the deletion’s potential CNS roles. 

The literature provides several examples of functional compensation in mAChR 
KO mice. Karasawa et al. 20 reported that there were no genotype differences on the 
cataleptic response between M 4 mAChR KO mice and their Wt controls. Thus, they 
concluded that a lack of signaling mediated by M 4 mAChRs does not have a major 
effect on haloperidol-induced catalepsy. They further speculated that a chronic adapta¬ 
tion of the nervous system in the M 4 mAChR mice may contribute to this observation. 

Gerber et al. 17 found increased striatal dopaminergic transmission in Mj mAChR 
KO mice. They suggest that inhibition of the dopaminergic cells dampened due to 
the lack of mAChRs in the KO mice. Furthermore, compensation may occur in 
Mj mAChR KO mice, since only mild learning and memory deficits were observed 
in this animal model. The potential compensation could occur in several places, such 
as other mAChR or nAChR subtypes or even in neuronal systems other than the 
cholinergic system. 

Although the possibility of compensation does exist, data from several labora¬ 
tories in mAChR KO mice demonstrate that deletion of one subtype mAChR gene 
does not lead to significantly altered expression levels of the remaining four 
mAChRs. 26 Moreover, Shapiro et al. 69 did not find compensation in other mAChR 
subtypes when they studied mAChR (M 1? M 2 , and M 4 ) KO mice in relationship with 
ion channels, although they did detect loss of signaling. Thus, they propose that loss 
of signaling from one subtype of mAChR may not have enough strength to trigger 
a compensatory process because sympathetic neurons modulate their ion channels 
through a wide spectrum of G-protein-coupled receptors. 
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Redundant Mechanism 

Gene redundancy is another problem with the genetic knockout method. One piece 
of evidence on gene redundancy is that all five mAChR KO mutant mouse lines are 
viable with no major visible abnormalities, indicating a functional redundancy 
among the subtypes. 26 Another example is that the (32+/+ (34-/- nAChR KO mice 
do not show an obvious phenotype in terms of survival and growth. In contrast, (32— 
/- (34-/- nAChR KO mice display a very severe phenotype. Thus Xu et al. 44 suggest 
that either partial redundancy may exist or that the (34 gene is not essential. Further¬ 
more, Champtiaux and Changeux 47 speculate that redundancy may exist among 
different nAChR subtypes at the level of neurotransmitter systems. Thus, the lack 
of a (3 subunit of nAChR in (3 nAChR KO mice does not guarantee detection of 
dramatic behavioral performance, since other neurotransmitter systems maintain 
alterations of behavioral performance. 

More than one gene usually regulates most behaviors and physiologic process, 68 
and this might be one of the rationales for creating double- or triple-knockout mice. 
Moreover, a single deletion may not produce a specific phenotypic change when a 
redundant gene exists. For example, an intact response in a5 nAChR KO mice should 
not be interpreted as proof that a5 subunit nAChR is not normally involved in this 
function. 70 To overcome this obstacle, Muller 7 suggests comparing phenotypes pro¬ 
duced by single and double or triple gene deletions. Furthermore, a behavioral 
phenotype opposite to that of the predicted behavior could be the result of overcom¬ 
pensation by one or more redundant genes. In addition, an observed phenotype may 
reflect the role of the compensation gene, not the targeted mutation. 6 On the other 
hand, a single gene is often involved in multiple behaviors and physiologic processes. 
Thus, abolition of this gene could lead to dramatic changes, including possible death. 68 

Refined Gene-Targeting Technology 

Phenotype modification occurs when the expression of one gene alters the expression 
of another gene at multiple traits, from transcription to molecular or cellular levels, 
up to organ or system levels. 66 Furthermore, inactivation of a gene via the conven¬ 
tional gene targeting occurs in all tissues of the body from the onset of development 
and throughout the entire lifespan. Therefore, to obtain better control over timing 
and location of mutation in a time- and tissue-dependent fashion, several new 
approaches have been developed. 7 

Inducible knockout technology enables us to turn the gene of interest “on” or 
“off’ at particular times. Therefore, the developmental compensation issue, as well 
as a lethal or otherwise adverse phenotype that prevents a more detailed analysis 
inherent to conventional knockouts, could be addressed. Moreover, separating 
chronic versus acute phenotypes and identifying functions along the developmental 
course are now possible through the use of this technology. 7 However, interpretation 
of the phenotype from this approach still requires caution, since redundancy may 
still exist, even when a gene is turned “on” or “off’ at a later stage of life. 7,68 
Furthermore, when inaction of a gene occurs at the time point of adulthood, the 
function of the learning gene is going to be intact throughout ontogeny. As a result, 
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in principle, adaptive responses cannot be initiated, and therefore phenotypes are 
expected to be more severe in conditional compared with conventional knockout mice. 7 

In contrast to conventional knockout’s widespread expression, region-specific 
gene knockout technology allows evaluation a given gene in a predefined region by 
linking the gene of interest to a tissue-specific promoter. 7 68 For example, a gene 
might be expressed in both brain and some peripheral organs. Thus, it is impossible 
to assign a phenotype in the knockout mice to a specific brain structure or pathway, 
or even to the nervous system. 6 Tissue-specific “conditional” knockouts have been 
invented to solve this problem. By applying this technology, we can study the role 
of an individual mAChR or nAChR in a defined brain region without compromising 
other functions in the organism. For example, the a3 subunit of nAChR is essential 
for survival, since 40% of a3 nAChR KO mice die within the first three days of 
life, and almost all of the surviving a3 nAChR KO mice die over an interval of six 
to eight weeks after weaning. 36 Because this type of KO mouse is too weak for 
behavioral studies, a conditional mutation limited to the CNS might be helpful in 
examining the role(s) of a3 nAChR in the brain. 

Conventional gene-targeting technology does not have either spatial or temporal 
restrictions. For example, Mayford et al. 71 have pointed out that it is impossible to 
correlate a phenotype, such as aggressiveness, to a single anatomical location or 
circuit in the brain of 5HT 1B KO mice. However, further efforts are required to 
improve temporally regulated gene targeting, controlled by the administration of 
inducers. There have been some limited successes for some organs, but the technique 
is not yet fully ready for the brain. 7 

Rescue strategies have been proposed by Phillips et al. 72 for the ultimate proof 
that a specific phenotype is the result of a mutated gene. This is accomplished by 
introducing the functional gene and reversing the observed effect. 

Classical Pharmacological Approaches 

Although conventional gene-targeting technology has several issues, the unique 
features of the knockout approach are relatively precise and free of the side effects 
that are encountered with ligand (agonists and antagonists) probes. 68 Moreover, 
application of the knockout approach helps identify and verify various parallel and 
distributed pathways of cognition processes by eliminating key molecules and key 
functional pathways. 71 On the other hand, studies in whole-animal models, a critical 
tool for evaluation of learning and memory, provide insights on localization and 
interactions with other neural systems. Many results obtained from knockout mice 
complement data from pharmacology studies, 51 and each test has its own advantages 
as well as limitations. Thus, employing several tests for each behavioral domain of 
interest is the optimal approach to prevent false conclusions. 6 For example, the 
Morris water maze has been used to evaluate spatial learning in knockout mice. 
However, it is widely known that mice with motor and visual deficits do not perform 
well in this test. 68 Thus careful selection of appropriate knockout mouse models is 
key to obtaining valid conclusions from this behavior paradigm. In short, we can 
advance our knowledge of how individual receptor subtypes contribute to cognition 
processes by combining knockout technologies and traditional pharmacology tests. 
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Although most behavioral experiments have been conducted in rats, mice are rapidly 
becoming the preferred rodent of study in many labs because their genetics are well 
known, their genome has been sequenced, and they can be genetically manipulated. 
To date, several different approaches have been used to generate a behavioral phe¬ 
notype for study. 

In “forward” genetics, the analysis proceeds from phenotype to genotype. This 
is a classical approach, and it includes mice where spontaneous mutations have been 
identified in certain genes [1] or where mice have been subjected to radiation [2] or 
chemical mutagenesis [3]. This approach also pertains to mouse strains that have 
been shown to display a certain phenotype or to animals that have been selectively 
bred for a given behavioral trait [4-6]. Although forward genetics can provide very 
interesting animal models, the genetic basis of the abnormal behavior is often 
obscure. This limitation requires the site(s) of the mutation(s) to be mapped and 
sequenced [7-9], which can be quite laborious and time consuming. Consequently, 
many investigators have adopted “reverse” genetics, where the analysis proceeds 
from genotype to phenotype. Here, a specific gene is targeted for disruption or 
modification, and the mutants are evaluated for behavioral abnormalities. Investiga¬ 
tors typically employ transgenesis to produce either gain of function through expres¬ 
sion of hybrid genes and duplication of endogenous genes or loss of function by 
expressing dominant-negative hybrid genes, toxic genes, or disrupting endogenous 
genes [10-14]. These gene-targeting approaches in embryonic stem cells, or in one¬ 
cell embryos, may lead to alterations in expression of other members of the same 
gene family, with behavioral compensation occurring during development and adult¬ 
hood [15]. This developmental compensation is a common criticism of transgenic 
experiments. However, it should be emphasized that such compensation is rarely the 
basis of study in mutant mice per se, and there are many incidences where compen¬ 
sation by nonmutant family members does not appear to contribute to the phenotype 
[16]. Nevertheless, to obviate this criticism of developmental compensation, some 
investigators have begun using systems that induce or suppress expression of specific 
genes at certain ages or within a given brain region [17—19]. More recently, reduction 
in gene expression in vivo has been accomplished through the introduction of RNA 
interference that targets a specific RNA species [20]. Although this approach does 
not completely suppress expression of the target gene, it can reduce it (80%) to 
levels sufficient to produce quantifiable biochemical and behavioral changes. 

Together, forward and reverse genetic approaches have provided important 
insights into the roles that selected genes play in the composition of a given behav¬ 
ioral phenotype. Most of these approaches have some limitations because behaviors 
in humans are controlled not by a single gene, but by many genes interacting in 
concert with the environment. Analyses are currently proceeding where (a) qualita¬ 
tive trait loci in mice are identified, (b) mice with known genetic mutations are 
outcrossed to other mutants, or (c) mice with known genetic backgrounds are 
exposed to differing environmental conditions [21-23]. This multitude of approaches 
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with mice has and will continue to yield novel insights into the genetic and molecular 
antecedents that affect behavior. 

PRELIMINARY PHENOTYPIC SCREENING 

Behavioral assessment in mice has come a long way in the past century with 
increasing refinement of paradigms [24-27]. The behavioral phenotype of mice is 
complex; consequently, these animals should first be evaluated on numerous behav¬ 
ioral domains that include the animal’s general health and well-being, reflexive and 
motor capabilities, emotionality, anxiety, affective and social behaviors, consumma- 
tory responses, and learning and memory. Partially due to the use of mutant mice, 
the past decade has witnessed numerous advances in identification of molecular 
mechanisms that underlie a wide variety of behaviors in animals. Over the years, 
learning and memory processes have received the greatest emphasis for study. 
Investigators have produced many strains of mutants to examine the roles of different 
genes in cognitive behavior. However, the focus on this domain of behavior neglects 
the other possible responses for these animals, some of which may influence per¬ 
formance on cognitive tasks. For instance, N-methyl-D-aspartate (NMDA) receptors 
have been shown to play an important role in hippocampal long-term potentiation 
[28], and administration of a NMDA receptor antagonist into the lateral cerebral 
ventricles impairs spatial memory [29]. Indeed, disruption of the NR1 subunit gene 
of the NMDA receptor is lethal [30, 31]. On the other hand, mice with targeted 
disruption of this gene in the CA1 region of the hippocampus survive but show 
severe impairment in spatial learning and memory [32]. Knockdown of the NR1 
subunit also produces a schizophrenia-like phenotype [12]. Hence, it is important 
that investigators explore the behavioral phenotypes of their mice more completely 
in the course of cognitive testing, as additional behavioral deficiencies may contrib¬ 
ute to the impairments in learning and memory. 

To deal with this concern, we have designed a broad series of tests that are 
administered to all mice brought for testing into the Mouse Behavioral and Neu¬ 
roendocrine Analysis Core Facility at the Duke University Medical Center. These 
assessments include basic tests of sensory and motor function, neurophysiological 
status, and emotionality. These tests can be conducted in the week before beginning 
cognitive testing (Table 12.1). In our experience, we have found this test battery to 
be informative because results from these tests often provide clues as to the proper 
control experiments that should be run for subsequent investigations [13, 33, 34]. 
Additionally, results from this initial behavioral screen often allow us to select 
additional behavioral domains for further study. For the purposes of the present 
chapter, cognitive behavior will refer to the ability of the mouse to acquire, process, 
store, retrieve, and act upon information gathered from the environment. The tech¬ 
niques and observational methods necessary to investigate cognitive function in mice 
will be examined and discussed. Given that the history of cognitive testing in the 
mouse encompasses eight decades of research, it is far too ambitious to describe all 
of the cognitive tests presently used for mice. Instead, we will concentrate upon 
tests that we have found to be useful in the Mouse Behavioral and Neuroendocrine 
Analysis Core Facility at Duke University Medical Center. 
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TABLE 12.1 

Preliminary Behavioral Screening Prior to Cognitive Assessment 


Order 3 

Test 

Duration 

Purpose 

Reference 

1st 

Zero maze 

5-min, single test 

Anxiety 

[35, 37] 

2nd 

Open field 

30 min to 3 h, single test 

Motor performance, anxiety 

[37] 

3rd 

Neurophysio¬ 

15-25 min, single screen 

General health, reflexes, 

[13, 33, 34] 


logical screen 

of 36 discrete tests 

motor coordination and 



strength, reactivity 

a Each test should be separated by 36 to 48 h. 



Illumination ~ 40 to 60 lux 



//\\ 


<5% 

10% 

>20% 

Anxious or 

Normal 

Sensation 

Fearful 

Exploration 

Seeking 


% Time in Open Arms 


FIGURE 12.1 Zero maze for testing anxiety like behaviors. The zero maze is elevated approx¬ 
imately 18 in above the floor, and it consists of two open and two closed areas. Mice are 
permitted free exploration of the maze for 5 min. Illumination of the maze is critical and 
should be maintained between 40 to 60 lux. Anxious mice remain in the closed areas and do 
not venture onto the open areas of the maze. The percent time spent in the open areas is taken 
as an index of anxiety in the mouse. 


Anxiety 

The first test that we typically administer to mice first entering the Core Facility is 
the zero maze. The elevated zero maze was initially described and pharmacologically 
validated for anxiety-like behaviors in mice by Shepherd and colleagues [35]. The 
maze is elevated approximately 18 in above the floor and consists of a circular 
runway divided into two open and two closed quadrants (Figure 12.1). A camera is 
mounted directly over the apparatus to allow video-taping of behavior for later 
analyses with programs such as the Noldus Observer or Ethovision (Noldus, The 
Netherlands). Lighting for the maze should be indirect and even, but between 40 to 
60 lux when a light meter is placed level to the surface of the open arm. The apparatus 
and mouse are shielded from the observer and any other activity in the room by a 
wall or curtain. In our testing facility, we have found that the best and most reliable 
results are obtained when the animals are brought into the room several hours before 
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testing and the room remains undisturbed until completion of testing. The mouse is 
transported to the maze in a solid-bottom container (pipette box) and is placed into 
the closed arm of the maze facing the wall. The animal is allowed 5 min to freely 
explore the apparatus. Behavioral measures include the amount of time spent in the 
open areas, number of entries into the open areas, and the frequency of traversing 
from the closed area through the open area to the opposite closed area. In addition, 
the frequency of head dipping over the edge of an open area, rearing, and stretch- 
attend postures (rear feet in closed arm but body stretches forward such that the 
front paws are in the open area) are scored, and these ethological behaviors signify 
measures of “risk-assessment” or exploration by the animal. We also score the time 
the animal spends freezing and grooming in the apparatus. Animals with anxiety like 
phenotypes typically exhibit a low propensity to explore the open areas relative to 
control animals, and may also demonstrate reduced frequencies of the risk assessment 
or exploratory behaviors with or without enhanced freezing or grooming [36, 37]. 

In the event a given mouse genotype presents an anxietylike phenotype, 
responses to anxiolytics are examined, and the animal is evaluated in other tests of 
emotional responses that include assessments of “depressivelike” behaviors, social 
interaction, drug abuse, and fear conditioning. 

Open Field 

Several days following zero-maze testing, spontaneous activities of the mice are 
examined in the open field for 1 hour. Many types of open fields are commercially 
available for mice, and they typically involve a large arena that can be divided into 
smaller areas. The lighting across the floor of the arena should be even, and we 
typically test our mice at 350 to 600 lux [37]. Both horizontal (locomotion) and 
vertical activities (rearing) are monitored by infrared beams, and this information is 
relayed to a computer with software that automatically records the location and 
activity of the animal. Behavioral output includes the numbers of horizontal beam- 
breaks or the distance traveled and the number of vertical beam-breaks or rears. In 
addition, activities in the center and peripheral zones of the open field as well as 
activity maps can be generated. Open-field testing typically begins by placing the 
animal into one of the four corners of the arena and allowing the mouse to freely 
explore the arena. Overall reduced activity in the open field may be indicative of 
motor impairment or weakness, particularly if little or no rearing behavior is 
observed. Alternatively, low activity can also indicate increased anxiety or neopho¬ 
bia. These latter behaviors may be associated with reduced time spent in the center 
of the open field and increased time spent in the corners or along the perimeter of 
the arena. Analyses of the behaviors in the open field can be quite informative in 
planning subsequent testing, particularly when motor disturbances or ataxia may be 
present [16, 38, 39] or when monoaminergic function may be perturbed [13, 37]. 

Neurophysiological Screen 

The neurophysiological screen for mice is a series of very short tests used to assess 
several dimensions of neurological functioning and behavior that include sensory 
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and motor function, autonomic reflexes, emotional responses, and rudimentary cog¬ 
nition [13, 16, 27, 34, 40]. Although procedures may differ among laboratories, most 
tests are based upon the original behavioral screen described by Irwin [41]. The 
tests are conducted in five phases that consist of 36 discrete measures (Table 12.2) 
scored on a multiple point scale (Table 12.3). In addition to the tests from the 
neurophysiological screen, our laboratory also evaluates grip strength by automated 
meter. Although our neurophysiological screen is a comprehensive test battery, it is 
not exhaustive, and additional tests can be incorporated into the screen (depending 
upon the mutation) or be administered later. For example, Abi2 homozygous mutants 
(knockout [KOI rnice) have eye defects [33]. Since many tests for cognitive perfor¬ 
mance in mice rely upon vision, it was important to conduct a detailed neurophys¬ 
iological examination of vision to determine whether the KO mice respond to light, 
have depth perception, and can discriminate patterned stimuli. Pupillary responses 


TABLE 12.2 

Phases and Tests of Neurophysiological Screen 


Phase 


Test 


Scoring Criteria 


Initial evaluation 


General assessment 


Skin color 
Body tone 
Lacrimation 
Tremor 
Convulsions 
Heart rate 
Respiration rate 
Body posture 


Piloerection 
Palperbral closure 
Exopthalamus 
Barbering 

Tail elevation 


Pelvic elevation 


Stereotypic or 
unusual 
behaviors 
Temperature 
Weight 
Length 

Orienting and Visual orientation 

reflexive behavior 

Visual placement 


Vascularity of footpads: ruddy to pale 
Soft, normal, firm 
Discharge from the eyes 
Presence of shaking or shuddering 
If present: mild, moderate, severe 
Palpated: slow, normal, fast 
Palpated: slow, normal, fast 

Four-footed posture, slight curve to back, pelvis and tail 
at normal elevation (2-3 mm from observation surface) 
Fur standing on end 

Eye opening well formed without drooping appearance 
Slight “eye-popping” appearance 
Bald spots from excessive grooming by cagemates; 
whiskers may be absent 

Tail maintained in horizontal position 2-3 mm above 
observation surface 

Pelvis elevated when in four-footed posture but also not 
elevated more than 3 mm above observation surface 
Includes excessive jumping, self grooming to point of 
hair loss or mutilation, spontaneous vocalizations 
when touched, tonic immobility, twirling behavior 
Core body temperature 
Weight (g) 

Head-to-rump length, leg length 
Orients toward and tracks a small mirror passed through 
mouse’s visual field 

Mouse is lowered to grid, and height at which the mouse 
reaches for grid is recorded 
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TABLE 12.2 

Phases and Tests of Neurophysiological Screen (continued) 

Phase Test Scoring Criteria 


Grip strength and 
coordination 


Motor coordination 
and balance 


Whisker stop 

Whisker reflex 
Eye reflex 
Ear (pinna) reflex 
Postural 
adjustments 
Righting reflex 
Startle reflex 
Forepaw reflex 


Whiskers touched with swab orients animal, whiskers 
stop moving 

Whiskers brushed with swab produce twitch 
Blinking response to touch with swab 
Ear-flick response to touch with swab 
Maintains upright posture while observation cage is 
moved in either a horizontal or vertical plane 
Self-rights in a Plexiglas tube rapidly rotated 
Visibly startles following air-puff to the face 
Automatically grips grid when pulled away 


Rear-paw reflex 

Rear-paw 
coordination 
Grip strength 

Pole climb down 

Pole climb up 

Pole walk 

Wire hang 

Stride test 


Automatically grips a 3-mm wire when touched on rear 
paws 

In rear-paw reflex, grip is simultaneous for both paws 

Difficultly in removing mouse from grid or 3-mm wire 
in above tests 

Latency, duration, difficulty in climbing down an 
elevated vertical pole 

Latency, duration, difficulty in climbing up an elevated 
vertical pole 

Latency, duration, difficulty in walking across an 
elevated horizontal pole 

Duration in clinging to a suspended 3-mm wire; 
coordination of paws is also noted 

Mouse is footprinted and stride measurements are 
determined through a series of footprint indices 
previously described [16] 


TABLE 12.3 

Scoring for Neurophysiological Screen 

Score Response 

-6 No response or feature is absent 

-4 Moderate deficiency or only present on one side of the body 
-2 Mild deficiency or response is weak/delayed 

0 Normal response 

+2 Slightly exaggerated response, normal but quick, or rapidly repeated to a single stimulus 

+4 Moderately exaggerated response or exaggerated response only present on one side 

+6 Appearance is severely exaggerated 
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to light were first evaluated. The mouse was held by hand and a 1.13-W pen light 
was shined into the eye for 3 sec, followed by a 5-sec intertrial interval over three 
trials. The mice were filmed with a high-resolution video camera, and the him 
segments were digitized (Dazzle Video Creator, Pinnacle Solutions, Mountain View, 
CA) and analyzed frame by frame for each animal’s response. No differences 
between wild type (WT) and KO mice were observed. We next tested responses to 
light and dark by placing the mice in a passive-avoidance apparatus. No genotype 
differences were noted in the latency for the mice to leave a lighted compartment 
and enter the darkened chamber, or in the time spent in each of the chambers. These 
data suggested that both genotypes could discriminate light from dark and that levels 
of emotionality were similar between the animals. To examine depth perception, we 
slowly lowered the mice to the bench top. Both WT and KO mice extended their 
forepaws upon being lowered to the lab bench. Finally, we tested whether the mice 
could track a moving object within the visual field. As no genotype differences were 
discerned in any of the tests for vision, we concluded that rudimentary vision was 
not impaired in these KO mice. 

COGNITIVE TESTING 

Task selection is perhaps the most crucial decision an investigator can make. How¬ 
ever, with the multitude of cognitive paradigms available for mice and the availability 
of mutant animals, it becomes important for the experimenter to decide a priori 
which tests are the most suitable for study. As the behavioral phenotype of many 
mutants may be heterogeneous, it is critical to examine multiple aspects of cognition 
that cover different domains of functioning, including preattention and attention, 
and various aspects of learning and memory (Figure 12.2). Tests of preattentive 
functioning have been described for mice [42, 43], and most utilize a simple testing 
paradigm called prepulse inhibition (PPI). Additional paradigms include simple 
screens using object discrimination tests [37, 44] or more complex paradigms such 
as go/no-go testing [45-46], five-choice serial attention tasks [47], or latent inhibition 
[48, 49]. Finally, tests of learning and memory can be designed to assess more 
specific areas of functioning, including associative learning, nonspatial or spatial 
learning, short- and long-term memory, as well as neurologically specific deficits as 
revealed by fear or eyelid conditioning. As testing across multiple cognitive domains 
is preferable and because the numbers of mice available for testing may be limited, 
the investigator may need to adopt two different strategies. First, he/she should be 
mindful of the order in which the behavioral tests are administered, especially if 
they are given in series. Under a multiple-test regimen, the least stressful tests are 
conducted first. Second, once behavioral deficits have been identified, it is important 
to replicate these results in naive mice so that prior test experience can be excluded 
as a confounding variable. 

Preattentive Processes 

Cognitive performance is enhanced if animals can focus their attention on the most 
salient information in the environment [50]. Inability to filter information is thought 
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FIGURE 12.2 Cognitive testing for the mouse. There are many cognitive paradigms available 
for assessment of mouse cognition. As the phenotype of the mutant may be heterogeneous, 
several tests may be required to identify deficits. 

to promote sensory overload and cognitive fragmentation [51], which are thought 
to contribute to cognitive impairment in several different psychotic disorders [52]. 
This filtering process is termed sensorimotor gating and is evaluated by PPI. This 
task refers to the ability of a weak stimulus to reduce the magnitude of response to 
a subsequently stronger stimulus (Figure 12.3). In the typical auditory PPI paradigm, 
a prepulse that is 4, 8, or 12 dB above the background noise is presented prior to 
exposure to a stronger stimulus that reliably elicits a startle response. The auditory 
prepulse inhibits the magnitude of the startle response and, as the intensity of the 
prepulse stimulus increases, inhibition of the startle response becomes more 
enhanced [53]. A distinct advantage in using PPI is that both animals and humans 
can be evaluated [43]. More importantly, PPI deficiencies are evident in many 
psychiatric disorders, including schizophrenia [54], thereby rendering it a replicable 
test for disturbances in preattentive functioning [55]. 

To date, most PPI studies in mice use a limited range of test parameters. In the 
standard test, broad-band white-noise stimuli are continually present to provide a 
stable background. Prepulse acoustic stimuli are presented 4 to 18 dB over this 
background, and they typically precede the 100- to 120-dB startle stimulus by 60 
to 140 msec [54, 56]. Most studies in rats and mice, however, have used the 
magnitude of inhibition of PPI responses as a single response index. More recently, 
some investigators have examined the temporal properties and saliency of the 
prepulse stimuli in rats with disrupted dopaminergic tone [56, 57]. In our laboratory, 
the PPI paradigm consists of 20-msec prepulse acoustic stimuli that are 4, 8, or 12 
dB above a 64-dB white-noise background. The prepulse precedes the 40-msec 120- 
dB startle stimulus by 100 msec. At the beginning of the experiment, the mouse is 
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FIGURE 12.3 Prepulse inhibition. Presentation of a weak auditory prepulse inhibits the 
response to a subsequent stronger stimulus. Testing is typically conducted with an interstim¬ 
ulus interval between prepulse and startle stimuli of 100 msec. By manipulating this inter¬ 
stimulus interval, dynamic shifts in sensorimotor processing can be investigated [57]. The 
startle response is shown in black in the top portion of the figure, and the reduction in this 
startle response due to the presentation of the prepulse stimulus is shown in gray. Data are 
shown for a single test trial as recorded by the Med Associates (St. Albans, VT) PPI software. 


placed in a circular Plexiglas tube (the animal can turn around) and is acclimated 
to the apparatus for 5 min. Thereafter, it is given 64 test trials separated by an 
intertrial interval of 8 to 20 sec. Testing commences with ten startle-only trials 
followed by combinations of the three prepulse trials, six startle-only trials, and 
eight null trials (no startle or prepulse stimuli) in a pseudorandom order; testing is 
completed with ten startle-only trials. PPI provides a good assessment of preattentive 
functioning, and PPI performance can alert the investigator to deficits in sensorimotor 
gating that might impact performance on subsequent cognitive tests. 
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Attention 

Attention is often defined as a heuristic concept, involving many cognitive dimen¬ 
sions, and it can only be evaluated through multiple test procedures [58]. Attempts 
have been made to classify attention into various categories including, but not limited 
to, reflexive attention [59, 60]; visual orientation [50]; learned orientation [61]; 
vigilance [62]; habituation [63]; or selective [64], sustained, and divided attention 
[47]. In theory, each process can be tested independently of each other; however, in 
practice most studies examine attention across several dimensions simultaneously 
[47]. For example, no single behavior executed by an animal can be labeled as 
“vigilance.” Instead, vigilance tests such as the continuous performance task (CPT) 
require the animal to maintain vigilance, orient toward the visual stimuli, scan the 
stimuli for change, and make a response to the proper stimulus [62]. The animal 
must execute all of these behaviors so that “vigilance” can be assessed. Hence, 
attention subsumes many processes, and these aspects of behavior cannot always be 
easily dissociated for study. 

Orienting Responses 

The simplest tests of attention involve orientation. Although tests of visual orienta¬ 
tion are the most common [60, 63], tests have also been developed using tactile or 
auditory stimuli. Visuospatial orientation provides one of the most effective means 
to study elementary forms of information processing in animals [65]. Currently, a 
great deal is known about processes of visual perception [66] and the relationship 
of this behavior to other forms of attentional processing. Another reason for interest 
in orientation is due to the fact that inefficient saccades, smooth eye movements, 
and orienting responses have been linked to deficits in information processing for 
patients diagnosed with schizophrenia and schizotypical disorders [67], anhedonia 
[68, 69], depression and anxiety [70], obsessive-compulsive disorder (OCD) [71], 
attention deficit hyperactivity disorder (ADHD) [72], and Parkinson’s disease [73]. 
In addition, neural circuits that regulate this response are fairly well described on 
an anatomical [63], electrophysiological [74], and neurochemical basis [58, 59]. As 
orientation across different species is similar, this test can provide important insights 
into attentional processes. 

In species other than the rodent, visual orientation utilizes fovea tracking [50, 
75]. This task involves cuing the animal or human to a particular position in space 
prior to the presentation of a visual stimulus. When the visual stimulus is presented 
following the cue, information about the stimulus is processed more efficiently. This 
improved processing is interpreted as being due to directing attention to a specific 
location [50]. Unfortunately, fovea tracking cannot be easily assessed in rodents 
with regard to visuospatial orientation, since they have a natural propensity to orient 
their head or whole body toward a novel stimulus [61, 63]. Several methods have 
been developed in rats and mice to measure the visual orienting response. The 
simplest of these techniques involves bringing a single object into the field of vision 
and observing the ability of the animal to track the object (Figure 12.4). In our 
laboratory we conduct a simple screen for visual orientation by placing the mouse 
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FIGURE 12.4 Orientation and habituation. The simplest test of attention involves orientation, 
which can be examined by visual tracking (top left) or various operant techniques (top right). 
In each case, a visual stimulus is presented over 10 to 20 trials, and the physical orientation 
of the mouse toward the object is recorded. As the number of presentations increases, the 
number of orienting responses decreases until the animal has habituated to the object. Mod¬ 
ifications of the procedures allow for the assessment of anticipation or sustained attention. 

in an enclosed circular arena. After 2 min of habituation, a small round object (back 
of an infant feeding spoon) is moved horizontally at eye level around the perimeter 
of the arena for 12 sec. Each presentation of the spoon constitutes a test trial, and 
during the trial, the orienting responses of the mouse are coded at either 1- or 2-sec 
intervals. Orientations are defined as the mouse orienting its face toward the spoon 
and tracking the spoon as it moves around the perimeter of the arena, such that the 
animal approaches, grabs, or manipulates the spoon as it is moved. Twenty presen¬ 
tations of the spoon are usually sufficient to induce habituation. A variation of this 
rapid screen involves adding an additional ten test trials following habituation where 
the mouse is randomly presented with either the familiar spoon or a new object of 
a different color or visual pattern. Introduction of the novel object typically reinstates 
the orienting response toward the object, but it does not significantly alter the 
habituation of the mouse to the familiar object. 

Orienting responses to visual stimuli can also be assessed by operant techniques 
(Figure 12.4) [76]. In these paradigms, the rat or mouse orients toward a light cue 
that is paired to a particular sequence of auditory tones or clicks. The orienting 
response is simply defined as the animal pointing its face and snout toward the 
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source of the visual stimulus. Habituation represents a loss of this response over 
testing, and it can be used as an index of novelty recognition and basic learning 
[76]. Moreover, the orienting response can be reinstated following habituation if a 
novel stimulus is introduced or paired with the familiar pattern of stimuli, creating 
a mismatch signal. 

Modifications of the orienting response can be used to access different aspects 
of attention, including anticipation (which increases response efficiency during test¬ 
ing) and sustained attention. Anticipation is measured by delivering an auditory cue 
before presentation of a light cue. If the mouse learns to orient toward the location 
of the light cue before its illumination, then subsequent responses to lever press or 
nose poke as signaled by the light cue will become more efficient and rapid. Sus¬ 
tained attention can also be examined by increasing the time between the predictive 
auditory cue and illumination of a nose-poke aperture. This procedure allows the 
investigators to measure how long a mouse will sustain visual orientation toward 
the aperture in the absence of the light cue. Both anticipatory and sustained attention 
are important indicators of executive control and self-regulation [77, 78], and these 
processes may be deficient in patients diagnosed with schizophrenia [79], Tourette’s 
syndrome [80], and ADHD [81]. Thus, assessments of attentional control constitute 
an additional, but important, component of orienting-response testing for mice. 

Studies using lesions in rodents or neuroimaging in primates and cats have 
identified a limited number of brain regions that regulate the visual orienting 
response. These areas include the superior colliculus, and the occipital, parietal, and 
frontal cortex [62-64, 82]. The superior colliculus and parietal-frontal sensorimotor 
cortex appear to be especially involved in the regulation of visual orientation, as 
lesions or brain injury of these areas produce a loss in the ability to shift visual 
attention [83]. The neurotransmitter systems most closely associated with forebrain 
control of orienting responses are acetylcholine and norepinephrine [61, 62, 84]. 
Interestingly, response amplitudes of noradrenergic neurons in the locus coeruleus 
are enhanced when the stimuli are novel rather than familiar [62]. 

Another brain region implicated in mediating the visual orienting response is 
the amygdala. While damage to the central nucleus of the amygdala does not affect 
spontaneous orienting responses or their habituation, this brain area appears involved 
in reinforced or learned orienting responses [61]. The amygdala can exert indirect 
influences on orientation through the dorsolateral striatum via input to the midbrain 
dopamine neurons [61]. Although tests of visual orientation cannot provide definitive 
answers concerning the mechanisms of attention, these paradigms may be useful as 
a first level of screening to determine whether orientation deficits are evident and 
whether further investigations into more specific aspects of attention and information 
processing are required. 

Multiple-Choice Serial-Reaction Test 

This test is similar to human continuous performance tasks [85] where the individual 
scans an array of objects that are briefly presented. Correct selection of the location 
where the visual target was presented results in a reward. The five-choice serial- 
reaction time task (5-CSRTT) is a test of attentional performance and vigilance 
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Single aperture illuminated 
Correctly poking into aperture —► food reward 
Incorrect selection —► punishment (time-out) 
85% Success in Training to Proceed to Testing 



-- 

Serial Response Testing 

_ 

Single aperture illuminated - Similar to Training 

Modifications to Temporal Dimensions of Stimulus 

Light cues < 1-sec : Vigilance 

Extending Intertrial Interval: Sustained Attention 

Distracting Stimuli + Illuminated Nosepoke : Selectivity 


FIGURE 12.5 Multiple-choice serial-reaction test of attention and vigilance. Measuring the 
accuracy and speed of nose poking into an illuminated aperture during the multiple-choice 
serial-reaction test has been used to assess attentional capacity. Inhibition of inappropriate 
responses can be used as a measure of attentional control. Behavioral impulsivity (nose poking 
before illumination of the aperture) or perseveration (repeated poking into an aperture upon 
completion of a test trial) can also be assessed. 


where the mouse is required to simultaneously monitor three to five locations for 
the presentation of a brief visual stimulus [47] (Figure 12.5). The testing chamber 
typically consists of a square box where, on one side, five nose-poke apertures with 
lights are positioned in a horizontal line equidistant and at eye level to the mouse. 
On the wall directly opposite the apertures is a small opening for the delivery of 
food reward. The nose-poke array consists of the five apertures, where one of them 
is randomly illuminated. At the start of training, an aperture is typically illuminated 
for 20 to 30 sec, and this duration is reduced to approximately 2 to 4 sec as the 
mouse becomes more proficient at the task. Correct responses involve nose poking 
into the lighted aperture; nose poking into nonilluminated apertures results in a time¬ 
out, where the nose-poke apertures and house lights are extinguished for 5 to 10 sec 
beyond the duration of the 5-sec intertrial interval. The accuracy and speed of nose 
poking, taken as measures of attentional capacity, and the inhibition of inappropriate 
responses, taken as a measure of attentional control (e.g., impulsivity, perseveration), 
are used as core measures in this test [86]. 

Before testing commences, the mouse is placed on food restriction and is main¬ 
tained at 90% of its free-feeding weight throughout the experiment. Following food 
magazine training, animals are trained to nose poke for a food reward by randomly 
illuminating one of the nose-poke apertures. When the mice reach a criterion of 85% 
success over three consecutive days, serial response testing begins. The first trial of 
each test day is identical to that used in training, where the mice have 60 sec to 
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make an appropriate response to the single illuminated aperture. Test trials are scored 
as successes or failures, and responses in each trial can be scored as impulsive/pre¬ 
mature or perseverative. With regard to test trials, successful trials are scored when 
the mouse correctly nose pokes into the illuminated aperture. Failures are recorded 
if the animal fails to nose poke or responds by nose poking into a non-illuminated 
aperture. For each trial, responses are recorded as impulsive if the mouse begins 
nose poking before the light cue is presented or if the animal head-pokes into the 
food magazine before food delivery. By contrast, perseverative responses refer to 
behaviors that the mouse emits repeatedly within a single test trial without any 
reinforcement. The scoring of impulsive or perseverative responses is important 
during multiple-choice serial-reaction tests, as these behaviors are postulated to 
reflect a loss of executive control or self-regulation that is thought to contribute to 
deficits in attention [81]. 

Modifications in temporal dimensions of the stimulus cues can increase atten- 
tional load, thereby providing assessments of vigilance and sustained attention. For 
example, shortening the light cue to 1 sec or less will create a situation where the 
mouse must continuously monitor all five nose-poke apertures in order to detect the 
brief presentation of the cue. In addition, by extending intertrial intervals under this 
procedure, a maximum time limit will be reached that the mouse can sustain attention 
toward the five nose-poke apertures. After this time is reached, performance deteri¬ 
orates. Finally, presentation of distracting stimuli such as bursts of white nose or 
flashing house lights either concurrently with or prior to the visual cues can be used 
to test attention selectivity. Animals that can focus and selectively attend to the 
relevant cues will exhibit higher success rates over testing compared to mice that 
switch attention to the distracting stimuli and, consequently, fail to notice illumina¬ 
tion of the nose-poke aperture. 

The ability of the mouse to perform various aspects of the 5-CSRTT depends 
upon neurological integrity of the prefrontal cortex and upon certain monoaminergic 
and cholinergic pathways [86]. For instance, lesions of the anterior cingulate and 
prelimbic cortices impair selective attention by reducing choice accuracy of the 
mouse. By contrast, lesions of the postgenual anterior cingulate or the infralimbic 
cortex promote impulsivity without impairment in other measures of attention. 
Prelimbic cortical lesions produce not only deficits in attention, but they also increase 
perseveration, particularly when the duration of the target stimulus is reduced. These 
findings led Dailey and colleagues [86] to suggest that attentional selectivity seems 
to be controlled primarily by dorsomedial areas of the prefrontal cortex, whereas 
ventral or lateral areas appear responsible for inhibitory control. Aside from specific 
brain areas, certain neurotransmitter systems also contribute to various aspects of 
performance. For example, lesions of ascending cholinergic pathways impair the 
ability of the mouse to discriminate among or between stimuli, and this debility is 
especially evident when the load on attention is increased by shortening the duration 
of the target stimulus or by the presentation of distractors [87]. Destruction of 
noradrenergic projections to the frontal cortex impedes accuracy of attention [62, 
88], whereas depletion of both norepinephrine and dopamine from the medial pre¬ 
frontal cortex results in selective attention losses that can be corrected by amphet¬ 
amine [64]. Lesions of the dorsal raphe nucleus resulting in reduced serotonergic 
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over lever press 

Mouse presses lever beneath light 
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FIGURE 12.6 Go/no-go testing. Testing is conducted in an operant chamber where a mouse 
is presented with either a go stimulus, where lever pressing is rewarded, or a no-go stimulus, 
where the animal must learn to suppress the lever-pressing response to earn a reward. The 
test is used to assess attention, impulsivity, and perseveration. 

tone in the neocortex and striatum lead to an enhancement in impulsive responses 
[45]. Together, these results show that certain aspects of attention are regulated 
through neural pathways that project to the forebrain [86]. 


Go/No-Go (GNG) Testing 

This test is a variant of the stop-signal reaction time test that utilizes a recognition 
task where reaction time is analyzed (Figure 12.6). Briefly, the test can include only 
“go” trials or can include combinations of “go” and “no-go” trials. On a “go” trial, 
the animal is presented with a stimulus (e.g., light) and it must respond to this 
stimulus with a lever press or a nose poke. This response is rewarded. For “no-go” 
trials, a signal such as a tone or flashing light is presented prior to the “go” cue, and 
the animal must learn to withhold its response to receive reinforcement. Presentation 
of the “no-go” and “go” stimuli in succession within the same test trial creates a 
“familiarity-based conflict” and provides a context where error detection can be 
examined by comparing correct and incorrect responses made by the animal [89, 90]. 

GNG testing is usually conducted in operant chambers equipped with stimulus 
lights positioned above two lever presses or with two illuminated nose-poke aper¬ 
tures. In our laboratory we have obtained the best success with mice when the levers 
or nose-poke apertures are situated at eye level to the mouse and mounted on either 
side of the food magazine. Food rewards include a magazine that dispenses sucrose 
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pellets (20 mg) or a liquid dipper system that delivers a small volume of sweetened 
condensed milk. Mice are maintained on food restriction at 90% their free-feeding 
weights. Testing is conducted over three phases: shaping, “go training” where the 
mouse learns to respond to a “go signal,” and GNG testing where the animal learns 
to withhold its response when presented with a “no-go signal.” During shaping, mice 
are trained to press a lever or nose poke for a food reward. Once animals are trained 
to feed from a food magazine and reliably lever press or nose poke for reward under 
a continuous reinforcement schedule, they next receive training on the “go test” for 
at least five consecutive days. This test consists of 40 trials/day. Training begins 
with the presentation of the “go signal,” which is a light illuminated either directly 
over a single lever or within a nose-poke aperture. Delivery of reward occurs when 
the mouse responds to the appropriate cue within a certain period of time (e.g., 60 
sec). The animal then has a limited amount of time to locate and consume the food 
reward (20 sec). Failure on either part of the task results in a time-out (10 sec) before 
the intertrial interval (10 sec) is imposed. Once mice reach a criterion of at least 
85% success over three consecutive days, they are introduced to GNG testing. In 
this phase, mice receive 30 daily trials of “go testing” randomly interspersed with 
30 trials of “no-go testing” over ten days. “No-go” trials are usually signified by a 
tone or flashing light, and the mouse must withhold its response (15 sec) to receive 
a food reward. If the animal responds with a lever press or nose poke during or 
following presentation of the “no-go” signal, the trial is terminated and recorded as 
a failure, and a time-out is imposed without the delivery of reward. 

In a variant of the “no-go” trials, the “no-go” signal can be presented following 
the “go stimulus.” Under this paradigm, vigilance and impulsivity can be simulta¬ 
neously assessed by varying the length of time between the “go” and “no-go” signals, 
and the maximum “withholding” time achieved by the animal can be assessed [91]. 
Another variant of the test includes lengthening the amount of time the mouse is 
required to withhold its response before a food reward is delivered. Animals that 
demonstrate difficulty in withholding a response for a certain period (e.g., 15 sec) 
should also be tested at shorter intervals (2 to 10 sec) to determine whether the 
deficit is due to an inability to withhold its response for an extended period or an 
inability to acquire the no-go task. 

Behavioral performance in both “go” and “no-go” testing is assessed by deter¬ 
mining the percent successful trials and the average latency to make a correct 
behavioral response. The data can also be analyzed with signal-detection methods 
[92]. Incorrect responses in GNG testing may result from impulsive or perseverative 
responses. Impulsive errors include repetitive lever pressing or nose poking during 
the intertrial interval before onset of the next trial or repeated head entry into the 
food magazine when the lever lights or nose-poke apertures are lit. Perseverative errors 
consist of the mouse repeatedly pressing a lever or nose poking into an aperture 
following reward delivery or persistent head entries into the food magazine following 
retrieval of reward. 

Although the GNG test has been classified as a nonspatial recognition memory 
test [93], it can also be used to assess attention dysfunction and impulsivity [94]. 
Accordingly, GNG testing has been used to model neurological and behavioral 
deficits in attentional and inhibitory control found in patients with ADHD [95]. 
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Studies in both rats [91] and humans [96] reveal that lesions of the basal forebrain 
and other cortical areas impair “no-go” responses while leaving “go” responses 
intact, suggesting that deficits observed in GNG testing could be attributable to 
cognitive impulsivity [81] and cognitive control [96]. Both processes appear to be 
regulated in the anterior cingulate cortex, a brain region attributed to conflict mon¬ 
itoring [97]. The frontal cortex and striatum also contribute to cognitive control [91, 
98-101]. Studies in monkeys have revealed that reducing midbrain dopamine activity 
can impair responding on “no-go” trials and hinder the ability of the animal to switch 
responding between “go“ and “no-go” trials, resulting in a high rate of perseverative 
responses during “go” trials [102]. Perseverative responses leading to deficits on 
“no-go” trials are also attributed to central serotonin depletion, even when levels of 
dopamine and norepinephrine are not appreciably changed [45]. The deficits in 
responding following depletion are very difficult to overcome, as this deficiency 
persists even when incorrect responses in “no-go” trials are punished with foot 
shocks [103]. Interestingly, serotonin depletion of the prefrontal cortex results in 
increased perseverative responses to a rewarded stimulus and an inability of the 
animals to withhold its response during reversal learning, even while other executive 
tasks remain intact [104]. Similar results have been shown in human studies with 
tryptophan depletion [96]. In this regard, it is important to note that cognitive 
perseveration and inflexibility are associated with reduced prefrontal activity in 
patients diagnosed with ADHD [96], schizophrenia [105], and OCD [106]. 

Latent Inhibition (LI) 

LI is a test that examines selective attention while also addressing aspects of learning 
and memory. LI refers to the retardation of conditioning to a stimulus due to its 
prior repeated nonreinforcement [49]. LI testing consists of two phases. In the first 
phase, animals are divided into two groups: one receives multiple presentations of 
a stimulus in the test apparatus, while the other is merely exposed to the apparatus. 
In the second phase, the previous stimulus is associated with an aversive event. 
Typically, LI is evident when animals pre-exposed to the stimulus, as compared with 
those only exposed to the test apparatus, exhibit a delay in acquiring the conditioned 
response. Strategies for assessing LI include the use of appetitive behaviors with 
conditioned suppression [107] or the use of aversive procedures such as foot-shock 
avoidance [47, 49, 108] or conditioned fear [109]. 

In our lab, animals are divided into two different groups. One group is placed 
into a two-chambered shuttle apparatus and allowed to explore it for one hour. A 
second group is placed in the apparatus for the same period of time and is exposed 
to an intermittent tone and/or light as the conditioned stimulus (CS). The next day, 
mice are tested in shuttle avoidance, where the CS predicts foot shock. If the mouse 
exits the chamber during the 8-sec tone, the trial is scored as an avoidance response. 
If it leaves the chamber after the initial 8 sec and during the subsequent 8-sec 
presentation of tone and foot shock, the behavior is scored as an escape. Alternatively, 
if it does not exit the chamber at either time, the trial is scored as a failure. Using 
this system, “learning curves” can be constructed across time so that the avoidance, 
escape, and failure responses of the mice can be followed in detail. 
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In an early study, rats were administered 6-hydroxy-dopamine into the dorsal 
noradrenergic bundle to induce norepinephrine depletion in the forebrain [110]. LI 
was found to be deficient in these animals. Later studies revealed that ablation of 
hippocampus prevented LI and that this effect was primarily mediated through the 
nucleus accumbens [111]. Interestingly, N-methyl-D-aspartate (NMDA) lesions 
extending from the entorhinal cortex to the ventral subiculum prevented LI, and 
these effects were reversed by systemic administration of haloperidol [112]. Aside 
from this pathway, more-recent studies have revealed that lesions of the basolateral 
amygdala produce persistent LI and these effects, including those induced by lesions 
of the nucleus accumbens, are ameliorated with atypical antipsychotics [113] — pos¬ 
sibly through antagonism of 5-HT 2A receptors. 

LEARNING AND MEMORY 


Associative Learning 

Investigations of associative learning are usually conducted as paradigms of classical 
conditioning, where two previously noncontiguous stimuli are paired. In these tests, 
one stimulus is designated as the unconditioned stimulus (UCS), and presentation 
of the UCS elicits a reliable and measurable unconditioned response (UCR). A 
second stimulus is considered “neutral” at the start of testing, but when paired with 
the UCS, this CS elicits a conditioned response (CR). The UCS can be food or 
water, in which case it is appetitive conditioning, while foot shock or other noxious 
stimuli constitute aversive conditioning [114]. Another important paradigm for 
studying learning and memory is instrumental conditioning, which differs from 
classical conditioning in that the animal’s behavior is instrumental to the production 
of reward or avoidance of punishment [115]. Instrumental behaviors tend to be 
voluntary rather than reflexive or autonomic. 

Classical and instrumental conditioning procedures are commonly used to inves¬ 
tigate mechanisms that underlie learning and memory in rodents. Memory can be 
classified as either implicit (nondeclarative) or explicit (declarative), and these dis¬ 
tinctions are based upon how information is stored and recalled (Figure 12.7) [114, 
116]. 

Implicit or nondeclarative memory refers to nonconscious learning that is evident 
through performance and does not require access to any conscious memory contents. 
This type of memory includes procedural habits and skills, priming, simple classical 
conditioning that involves the skeletal musculature and emotional responses, and 
nonassociative learning where the striatum, neocortex, cerebellum and amygdala, 
and reflex pathways mediate these respective responses [117, 118]. By comparison, 
explicit or declarative memories involve knowledge of discrete events, places, or 
facts. This information is recalled with conscious effort and is highly plastic, per¬ 
mitting the creation of new associations [114]. 

Explicit memories involve three distinct processes that include encoding, storage, 
and retrieval [114, 118]. Encoding pertains to the processing of information to be 
stored and includes input of details about a stimulus and the environment. The 
encoding stage has two components: acquisition and consolidation. Acquisition 
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FIGURE 12.7 Learning and memory. Processes of learning and memory in the mouse are 
analogous to those found in humans and nonhuman primates. Memory is classified as either 
explicit or implicit, with explicit memory involving the processes of encoding, storage, and 
recall. Both explicit and implicit memories can be assessed with regard to immediate, short¬ 
term (working), and long-term memory. 


refers to registration of inputs in sensory buffers and preliminary analysis of this 
information. Consolidation may involve the reorganization of newly encoded infor¬ 
mation so that it has stronger representation in memory. Storage is the mechanism 
by which information is retained over time, whereas retrieval uses stored information 
to create a conscious representation of the event or to execute a learned motor 
response. 

In addition to these processes, explicit or declarative memory can also catego¬ 
rized as immediate, short term, or long term. Immediate memory, also referred to 
as a sensory register [116, 119], lasts less than several seconds but has a large 
capacity that can receive input simultaneously from multiple sensory modalities. 
Short-term memory is also termed working memory and is defined as a process that 
recruits knowledge on a short-term basis for rehearsal, elaboration, recoding, and 
comparison in order to solve a current problem [116, 120]. Long-term memory is 
recognized as a mechanism for storing information over a prolonged period of time 
that can last from several hours to a lifetime [116, 120]. Although different classical 
or instrumental conditioning paradigms have been used with mice to examine various 
aspects of learning and memory, such as short- and long-term memory [33], working 
memory [121], consolidation [122], or emotional memory [123], it should be appar¬ 
ent that each paradigm requires the use of several memory components simulta¬ 
neously. As will be demonstrated in the following section, the ability to examine 
various aspects of learning and memory within the same paradigm can provide 
valuable opportunities to investigate the mechanisms underlying these processes. 
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Passive Avoidance 
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FIGURE 12.8 Avoidance testing. Avoidance tests are commonly used to examine various 
memory functions in mice. In passive avoidance, the mouse learns in a single trial to suppress 
the natural tendency to enter a darkened chamber. In one-way active avoidance, multiple test 
trials are given over days to examine acquisition, retention, and extinction. In this avoidance 
test, the mouse is started in the same chamber on each test trial. Two-way (shuttle) avoidance 
evokes conflict resolution for the mouse, in that the animal must learn to monitor the cues 
that predict shock independent of the testing chamber (context). This test allows examination 
of complex cognitive function as associative learning. 


Avoidance Tests 

Passive and active avoidance are commonly used to examine various memory func¬ 
tions in mice, including acquisition, short-term or working memory, consolidation, 
and long-term memory. Although both tests require the mouse to avoid shock, the 
paradigms differ from one another, in that each paradigm evaluates unique cognitive 
attributes of the animal (Figure 12.8). 

In passive avoidance, the mouse learns to avoid an adjoining chamber where the 
shock was previously delivered. Hence, the animal has to suppress its natural ten¬ 
dency to enter darkened, confining spaces. Active avoidance requires the mouse to 
make a proactive response to escape a chamber or area within the chamber where 
foot shock was previously administered [124]. Although passive avoidance constitutes 














































244 


Animal Models of Cognitive Impairment 


one-trial learning and assesses the ability of the mouse to retain and recall informa¬ 
tion about the environment and foot shock, active-avoidance tests require multiple 
learning trials. For instance, in two-way shuttle avoidance, shock can be administered 
to either chamber, depending upon the current location of the mouse. This condition 
creates a conflict for the mouse, as the location where the mouse was previously 
shocked on one trial may become the “safe” chamber during subsequent trials. To 
this end, the mouse must learn to suppress the tendency to avoid a compartment 
where shock was previously administered and to use the CS to predict and avoid 
shock [125]. Active-avoidance procedures offer the opportunity to examine acquisition 
and consolidation within a single animal over testing [126, 127], whereas multiple 
animals are required in passive-avoidance experiments for the same purpose [33]. 

Passive Avoidance 

Memories of single experiences are a rapid form of learning that provides recollec¬ 
tions of events or places that can be adaptive to the organism [128, 129]. Passive 
avoidance is a test of rapid one-trial learning, where an animal is conditioned with 
a single aversive event and is later tested for recollection of that experience. Typically, 
recollection is based on the mouse’s ability to avoid a test environment where it 
previously received a noxious stimulus. The conditioning can be examined over very 
short periods (e.g., 5 min) to much longer time points (e.g., days to months) [33, 
130]. By testing different mice at various time points, certain aspects of memory 
can be examined that include acquisition, consolidation, retention, and recall. Fur¬ 
thermore, extinction can also be evaluated. 

Passive avoidance is typically conducted in a two-chambered apparatus in which 
one chamber is illuminated with a light while the adjacent chamber is in darkness 
(Figure 12.8). Many apparatuses are commercially available with automated gates 
and computerized systems that monitor the location of the mouse, making the test 
relatively easy and automated. Video cameras, some of which can fit directly inside 
the testing chambers, can be used if ethological analyses are desired. Passive- 
avoidance testing commences with placing the mouse into the illuminated chamber 
with the door separating the light and dark chamber closed. After a brief period (5 
sec), the door is raised. When the mouse completely enters the darkened chamber, 
the door separating the chambers is closed. The latency of the mouse to enter into 
the darkened chamber is recorded from the moment that the door between the two 
chambers opens until the mouse crosses the threshold into the dark chamber with 
all four feet. Immediately after the door is closed, the animal receives a 2-sec 
scrambled foot shock (0.1- to 0.4-mA intensity). Parenthetically, we have found that 
some mutant strains of mice are differentially responsive to foot shock, so we always 
test a small subset of mice in a shock-threshold test to determine the optimal 
parameters for testing (see Appendix to this chapter) [33]. Thirty seconds after the 
mouse receives foot shock, it is removed from the dark chamber and returned to the 
home cage until testing, which consists of placing the mouse back into the lighted 
chamber and raising the door separating the lighted and darkened chambers. During 
the test, no shock is given and the animal is observed for 5 min. The latency to cross 
to the darkened chamber is used as an indicator of memory. In addition to the latency 
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to cross, the number of crosses between the two chambers, the total time spent in 
each chamber, and the frequency of head pokes into the darkened chamber until the 
mouse actually enters the chamber can be recorded. It is also important to note 
freezing behavior (especially in the lighted chamber), as this behavior can interfere 
with typical passive avoidance. 

An important consideration in the test design is the selection of the interval 
between conditioning and testing. The length of this interval depends upon whether 
the investigator wants to assess acquisition, working memory, or long-term recall. 
For acquisition, durations as short as 5 min can be used, whereas intervals between 
30-min to several hours may be indicative of short-term memory processes [130]. 
Intact retention at 5 min but deteriorating or disrupted performance at 30 or 60 min 
can reflect inadequate memory consolidation. Long-term memory typically refers 
to processes invoked after 8 h following conditioning [131]; however, 24 h is more 
traditionally used [33, 130, 132]. We usually evaluate learning and memory in this 
test at 24 h and subsequently investigate other intervals based upon the findings of 
this test. If mutant animals demonstrate deficiencies at 24 h, then shorter intervals 
may be considered to exclude deficiencies in acquisition of the task or working 
memory. If no differences are discerned from the control animals, then longer 
intervals may be assessed (e.g., 48 or 96 h) or extinction can be examined by 
repeatedly exposing the animal to the darkened chamber. Regardless of paradigm, 
it should be apparent that passive avoidance cannot be presumed to evaluate only 
one “type” of memory. 

One-Way Active Avoidance 

Active avoidance can be conducted in either a two-chamber apparatus, where the 
mouse is required to cross to the adjoining chamber to escape shock, or in a single 
chamber with a single vertical pole that the mouse can jump onto when shock is 
administered (Figure 12.8) [124]. During training, mice are given 20 trials/day. Each 
test trial is separated by 20 sec, and it consists of a 10-sec tone that is followed by 
a 0.1 -mA scrambled foot shock. The foot shock is administered for 20 sec or until 
the mouse escapes either into the adjoining chamber (if a two-chamber apparatus is 
used) or jumps onto a centrally placed pole (if a single chamber is used). On 
subsequent trials the latency to respond is recorded for each animal. Avoidance 
responses signify crossing to the other chamber or jumping onto the pole during the 
10-sec tone, and escape responses occur after the tone is extinguished (e.g., 11 to 
20 sec after trial initiation). Trials where mice do not avoid or escape the foot shock 
are failures. Daily training is continued until the mice reach a criterion that reflects 
learning [126]. Learning curves within and across days reveal acquisition and con¬ 
solidation of avoidance, with deficient mice requiring more training to reach criterion 
relative to controls. Once mice reach criterion, retention of the avoidance response 
can be measured by testing animals at a higher criterion. Extinction is examined by 
exposing the mice to daily test sessions without foot shock. Controls typically learn 
shock avoidance within several days and require approximately 20 trials to demon¬ 
strate retention [126]. Moreover, controls retain the response in the absence of foot 
shock for several days during extinction. Although active avoidance allows the 
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investigator to examine acquisition, retention, and extinction within the same ani¬ 
mals, this test is protracted and may require several weeks to complete. As with 
passive avoidance, it is important to study a small subset of mice before testing in 
order to determine the optimal level of foot shock to use [33, 126]. 

Two-Way Active (Shuttle) Avoidance 

Although two-way shuttle avoidance is considered a more complex cognitive task 
than one-way active avoidance because it evokes “conflict resolution” for the mouse, 
the test is generally administered over 1 to 2 days. Hence, it is more time efficient 
than one-way active avoidance. Conflict resolution occurs in two-way avoidance 
because the mouse must reenter the test chamber where foot shock was previously 
administered to successfully avoid foot shock on the present test trial (Figure 12.8). 

Two-way shuttle avoidance begins when a mouse is placed into one side of a 
two-chambered shuttle apparatus. A door dividing the two chambers is opened and 
the mouse is allowed 5 min to explore the apparatus. Following acclimatization, 
testing commences over 70 trials. In the Duke Core Facility, trials are given over 
70 min with a variable intertrial interval of 30 to 90 sec. Each trial begins with 
presentation of the CS (0.5 sec of a 72-dB 2900-Hz tone with a 5-sec 1-mA house- 
light) in the chamber where the mouse is located. If the mouse does not cross to the 
adjoining chamber after 8 to 10 sec, a scrambled foot shock is administered. Both 
the light and foot shock are terminated when the animal crosses to the alternate 
chamber or after 10 sec. Behavioral responses are coded as avoidances, escapes, or 
failures. Successful avoidances consist of trials where the mouse crosses to the 
adjoining chamber following the onset of the CS, but before the foot shock. Escapes 
include trials when the mouse crosses to the adjacent chamber during the foot shock. 
If the mouse does not cross to the other chamber within 10 sec after foot shock, the 
trial is considered a failure. 

As with any test using foot shock, it is important to determine the level of shock 
to produce a forward ambulating response, without locomotor reactivity, freezing, 
or vocalization (see Appendix to this chapter). If the mice demonstrate an inordinate 
number of escapes or failures during testing, the investigator may wish to observe 
subsequent animals to determine whether they have locomotor problems or difficulty 
orienting and detecting the CS [133]. In some cases, mice may move more slowly 
or cautiously during CS presentation, resulting in the foot shock being administered 
when the animal reaches the opening to the other chamber. In this case, the mouse 
may associate punishment or foot shock with approaching the adjoining chamber. 
Increasing the avoidance phase by 1 to 2 sec, before administering the foot shock, 
may remedy the problem. 

Besides evaluating overall levels of avoidances, escapes, and failures, examina¬ 
tion of learning curves over the 70 test trials can reveal information regarding 
acquisition or loss of each response. In most studies, the two-way shuttle avoidance 
is used to assess learning and short-term memory within a single test (70 trials); 
however, this test can be easily adapted to examine long-term memory by retesting 
the mice 24 h after the first test. Additional time points can also be used, with 
intervals between the two tests as long as 6 months being reported [134]. 



Assessments of Cognitive Deficits in Mutant Mice 


247 


Nonspatial Learning 

Nonspatial learning typically relies upon the ability of the animal to learn relation¬ 
ships between different stimuli or to demonstrate flexibility during recall, and these 
attributes are independent of the spatial context in which initial training occurred. 
A discrimination between familiar and novel stimuli is used as an index of learning 
and memory [93]. Several methods to test this form of cognition have been developed 
for mice, including simple object discrimination [37, 44, 135], social transmission 
of food preference [136-138], or tests of matching and nonmatching stimuli 
[139-141]. Each of these tests exhibit several key characteristics of declarative 
memory, in that (a) novel information can be acquired quickly with few exposures 
and (b) the memory is flexible, as the acquired information can be used in situations 
that are quite different from the initial conditioning environment. 

Object-Discrimination Test 

The object-discrimination test permits rapid screening of recognition memory in 
mice [135]. By varying intervals between initial object exposure and the subsequent 
test, general assessments of short- and long-term memory can be made [131]. It 
should be emphasized that more-detailed studies of retention are required if deficits 
are detected [44, 135]. Although Tang and colleagues [135] originally habituated 
their animals to the test chamber for three days, we have found that exposure of the 
mice to the test arena for 30 min prior to object introduction is sufficient to habituate 
them to the test [37]. When utilizing larger test arenas, multiple days of habituation 
may be required before testing begins. Regardless of whether large or small arenas 
are used, the test area should be opaque and covered with a lid to prevent the mouse 
from using spatial cues outside the cage. All phases of testing are videotaped for 
subsequent analysis of object exploration. A potential problem with this test is that 
the mouse may have an innate preference for one object over another. To limit this 
potential confound, a small group of mice from each genotype is usually exposed 
to a series of different objects before instituting formal testing. Objects that elicit 
similar exploration times and have a similar duration of contact are used in the 
formal test with a new cohort of mice. 

In our lab, mice are habituated to the test arena for 30 min. After this time, two 
identical objects are placed in opposite corners of the arena without disturbing the 
animal (Figure 12.9). Parenthetically, we have found that multipatterned Legos 
objects work well in this test. It is important that the objects be similar or smaller 
in size relative to the mouse, as this facilitates exploration; larger objects can promote 
neophobia and reduced exploration. The mouse is given 5 to 10 min to explore the 
objects. All incidences of contacts are coded, as well as the time spent with each 
object. Object contacts include sniffing and climbing on the object or attempts to 
manipulate the object. After this exposure, mice are returned to their home cage 
until retention testing. In between animals or tests, the test cage and objects are 
cleaned with a disinfectant to remove any odor cues. Retention testing is conducted 
with two Lego objects minutes to days later, where a familiar object that was used 
previously is paired with a novel object of approximately the same size and height. 
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Test 2 

Test 1 Preference for 

Two Identical Objects Familiar vs. Novel Object 



FIGURE 12.9 Object discrimination. Used as a rapid screen, the object-discrimination task 
allows for the examination of recognition memory in mice. By varying the interval between 
the initial exposure to the objects (test 1) and the preference test where the mouse must select 
between familiar and novel objects (test 2), inferences can be made regarding short- and long¬ 
term memory. 

The mice are returned to the arena for 30 min, and then the familiar and novel 
objects are introduced to permit investigation for 5 to 10 min. The data are expressed 
as a preference ratio by subtracting the amount of time spent exploring the novel 
object from the time spent with the familiar object, divided by the total amount of 
time spent exploring both objects. Hence, values close to +1 indicate a preference 
for the familiar object, whereas negative numbers signify preference for the novel 
object. Typically, mice exhibit a preference for the familiar object at the 5- to 10- 
min interval. This suggests that acquisition of the Lego’s features is intact. Tests 
conducted 1 to 3 h later permit assessment of short-term or working memory, whereas 
tests given at 24 h reflect long-term memory [35]. It is noteworthy that preference 
testing can also be conducted in other sensory modalities, including olfaction or 
tactile sensation [137]. 

Social Transmission of Food Preference 

Although this task has been available for some time for rats [142], Alcino Silva’s 
lab was one of the first to adapt it for mice [136]. Since that time, the test has been 
used as a method for studying memory and retention by several investigators [137, 
138]. The advantages of the test are several-fold. First, this is an appetitive task that 
does not use aversive stimuli such as foot shock. Second, the behavioral measures 
take advantage of naturally occurring propensities of rodents to sample novel food 
sources and to develop food preferences from interactions with social partners. 
Finally, the test is devoid of spatial references [143]. Similar to the object-discrim¬ 
ination test, this task allows preferences of the animals to be examined at several 
time points, permitting assessments for acquisition processes and short- or long¬ 
term memory. 

Mice are housed in pairs for several days before testing, during which time 
animals are placed on food restriction to reduce their body weights to 95% of their 
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Day 1 - Exposure 


Demonstrator Mouse: Consumes flavored diet 
Returned to home cage - interacts with cage-mate (Tester Mouse) 


20 min 



Day 1 - Test 1: Formation of Preference 

_ / 

Tester mouse: Choice test between familiar and novel scented diets 

(Demonstrators can also be tested for retention) 




Tester mouse: Choice test between familiar and novel scented diets 

(Demonstrators can also be tested for retention) 

FIGURE 12.10 Social transmission of food preference. An appetitive task that takes advan¬ 
tage of the naturally occurring propensities of mice to learn about novel food sources from 
interactions with social partners. The social transmission of food preference can be used to 
examine acquisition processes or short- and long-term memory. 

free-feeding weights. In preparation for testing, a small dot of commercially available 
hair dye (diluted with water) is placed on the back or rump of one mouse from each 
pair. This mark serves to designate the animal as the “demonstrator” in the test. The 
unmarked animal becomes the tester. Food is removed from mice 16 to 24 h before 
testing, with water available ad libitum . On the first day of testing, the demonstrator 
is removed from the home cage and placed into a clean mouse cage with a single 
bowl containing a flavored diet (Figure 12.10). After being allowed to eat for 30 
min, the demonstrator is returned to the home cage, where the tester approaches the 
demonstrator and may interact with it for 20 min. During this time, interactions 
between the two animals are monitored for frequency of contacts, muzzle sniffs by 
the tester, and any aversive postures or responses by the demonstrator, including 
aversive posturing, clawing or biting the tester, or attacks. After 20 min the tester 
mouse is placed into a clean mouse cage with two small bowls fixed to the floor at 
opposite ends of the cage, creating a two-choice test. One bowl contains the diet 
eaten by the demonstrator; the other bowl contains a novel diet. The tester mouse 
is allowed to eat for 30 min, and consumption (weight) of the novel and familiar 
foods is recorded. The tester mice are reexamined one day later for retention using 
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the same familiar-novel diet comparison. The preference for diet is scored in each 
test as the amount of novel diet eaten subtracted from the amount of familiar diet 
consumed and divided by the total amount eaten [137]. Positive scores reflect 
preferences for the demonstrator diet, suggesting the tester animal learned and 
retained the food preference of its demonstrator or social partner. A negative score 
denotes a preference for the novel diet. It is important to note that although inves¬ 
tigators typically look for familiar preferences in the tester mice, a preference for a 
novel diet that is maintained over 24 h still signifies a choice that is remembered 
by the tester mouse. A strong preference for novelty suggests that memory is intact 
in the animal. However, this response suggests the tester mouse may present a 
novelty-seeking phenotype. 

A note should be made with regard to the selection of flavors in these tests. Our 
Core Facility has obtained best results using a flavored mouse mash made from 
equal amounts water mixed with standard mouse chow (Richmond Diet 5001, Lab 
Diet Inc., Richmond, IN) that is ground to create a paste that can be flavored. The 
paste controls spillage and permits accurate weighing of the bowls before and after 
testing. The most common flavors used in mouse testing are cinnamon or cocoa [44, 
136, 138]. However, sampling of different flavors or scents should be performed in 
advance with naive mice to ensure that flavors or scents selected for testing do not 
evoke any inherent bias in the mice. In our laboratory, we found that a number of 
mouse strains have a strong predilection to consume foods with vanilla, cocoa, and 
peanut butter flavors. By contrast, other mouse strains have aversions to flavors of 
cinnamon and similar spices, even when the concentrations of these flavors are reduced 
to less than 1%. In our studies with the dopamine transporter knockout mice [137], we 
found lemon and almond flavors to be equally attractive to the mice, and neither flavor 
promoted strong attraction or avoidance responses. This is an important consideration, 
particularly when flavors are counterbalanced across testing for pairs of animals. If an 
investigator finds a bimodal distribution in performance, naturally occurring biases have 
to be considered before final conclusions of cognitive ability can be made. 

Nonspatial Transverse-Pattern Test 

One of the most intriguing tests for nonspatial learning in mice is the transverse- 
pattern task [139, 140]. This test has advantages over the tests previously described, 
in that this task evaluates the ability of the mouse to make associations between 
cues and to learn from these representations while also applying these associations 
to new contingencies. One disadvantage is that the test is labor intensive and can 
take considerable time to complete. However, the data can be analyzed from a variety 
of perspectives to study cognitive abilities in mice. 

In preparation for the transverse-pattern task, mice are on food restriction for at 
least 1 week before training starts and are maintained at approximately 95 % of their 
free-feeding weight during testing. The mouse is first trained to dig in a small bowl 
that contains sand or other small objects (beads or metal ball bearings) to uncover 
a food reward. Shaping typically takes 5 days to complete, some mutant strains 
require longer training to dig with the same efficiency as wild-type controls. Testing 
is conducted in clean mouse cages, with two identical food bowls mounted to the 
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Premise-Paired Conditioning/Testing 
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FIGURE 12.11 Nonspatial transverse-pattern testing. Transverse-pattern testing assesses the 
ability of a mouse to make associations between cues and to learn from these representations 
while applying the knowledge of these associations to new contingencies. The mice are first 
trained and tested using a transverse learning pattern, where the presence of a food reward 
in scented food is contingent upon the location of the food reward in the immediately preceding 
test trial. Once the mouse correctly obtains the food reward on 80% of the test trials, the 
animal is tested in two probe tests: the nontransitivity test and the transitivity test. Finally, 
the animal is assessed for the ability to make simple discriminations in concurrent learning 
trials. 


floor on opposite ends of the cage. Five different odors designated as A, B, C, D, 
and E are used for testing and are created using various dry spices [139]; scents 
from sources such as talcum power, perfume, and essential oils are avoided (Figure 
12.11). The spices are mixed with clean sand so that each spice constitutes only 1% 
of the total weight. For food rewards, 20-mg sucrose pellets for mice, or equivalent 
amounts of dark chocolate or dry cereal, can be used. In our laboratory we obtained 
the best results with small chips of dark chocolate, which are highly palatable to 
the mice and do not interfere or compromise the ability of the animals to discriminate 
the different scented sands. 

Testing commences with an initial phase that is termed “premise-paired” con¬ 
ditioning and involves presenting the five different odors in pairs (Figure 12.11). 
Each pair of odors creates a two-choice test for the mouse. For premise-paired 
conditioning, the pairing is based on an ordered representation of the four odorant 
pairs, with scent A rewarded over scent B in pair 1, and scent B rewarded over scent 
C in pair 2, and scent C rewarded over D in pair 3, and finally scent D rewarded 
over E in pair 4. In the initial days of training, the mice are presented with the four 
pairs, with pair 1 being presented first, followed by pair 2, then pair 3, and finally 
pair 4. This series of trials is repeated three times on each training day for a total 
of 12 test trials. To ensure that spatial cues do not interfere with performance, the 
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locations of the scents and food rewards are counterbalanced over test trials. Per¬ 
formance on each test trial is assessed by recording the bowl the mouse first 
approaches and sniffs, the bowl where the mouse subsequently digs, and whether 
the correct bowl is selected. Trials are scored as “correct” if the mouse picks the 
rewarded scent to dig in first or as a “failure” if the mouse selects the nonrewarded 
bowl first. As soon as the food reward is earned, the mouse is returned to its home cage. 

Mice need to reach a learning criterion of at least 80% over three consecutive 
days before the sequence of premise pairs is randomized and interspersed with two 
different types of probe trials (Figure 12.11). The first probe trial, called the test of 
transitivity, involves scent B being rewarded over scent D. In this pair, two nonad- 
jacent elements are selected, scents B and D, but by rewarding scent B, the ability 
of the mouse to perform transitive inference can be determined. The second probe 
trial is a novel nontransitive pairing, involving scents A and E. The nontransitive 
component comes from the fact that scent A is always rewarded and scent E is never 
rewarded. These two probe trials are essential and provide a powerful assessment 
for confirming whether the mice are capable of learning transitive inference using 
different pairs of odors. 

In probe trials, mice that are deficient in transitive inference will typically 
demonstrate good performance when scents A and E are paired. Control groups 
should perform well on both probe trials. Additional confirmation of transitive 
inference can be assessed when two new pairs of odors are introduced, where scent 
W is rewarded over X, and scent Y is rewarded over Z. Typically, neither control 
nor mutant mice are able to solve this task, as the pairs lie outside of the established 
ordered-pair representation learned by the mice. Finally, once testing is completed, 
additional mice can be trained and tested over several days for concurrent pattern 
learning (Figure 12.11). In concurrent testing the pairs of scents are not overlapping 
as they are in transverse learning. Consequently, scent A is rewarded over B, and 
scent C is rewarded over scent D, and scent E is rewarded over scent F. Regardless 
of the order in which these paired scents are presented, odors A, C, and E are always 
rewarded. Moreover, discrimination of the rewarded scent from the nonrewarded 
scent in concurrent testing is not contingent upon which odor was rewarded in a previous 
test trial, as is the case in transverse testing. The concurrent test serves as a control 
parameter, assuring the investigator that the mouse can acquire and remember simple 
discriminations. If the mice are unable to make these simple discriminations, then tests 
of basic learning and short-term memory are required. Hence, comparison of the con¬ 
current and transverse protocols allows the investigator to differentiate simple associa¬ 
tion learning from more demanding transverse-pattern learning. 

Spatial and Contextual Learning 

Spatial learning refers to the ability of the animal to learn the location of a reward 
[139, 144, 145]. However, in the original distinction between spatial and nonspatial 
learning, O’Keefe and Nadel [146] proposed that spatial learning involves the acqui¬ 
sition of cognitive maps that provide representation of the environment in terms of 
distances and directions. These maps allow animals to navigate to locations beyond 
their immediate perception to locate appetitive or aversive stimuli. It should be 
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emphasized that nonspatial memory tasks do not require these maps. Cognitive maps 
require an intact hippocampus [146, 147], as animals with hippocampal damage 
exhibit abnormal exploratory activity in tests of spatial learning and experience 
difficulty navigating mazes to obtain food rewards [139, 148]. An analogous phe¬ 
nomenon is also found in humans, where hippocampal lesions result in errors in the 
use and organization of spatial information [147]. Although hippocampectomized 
patients are capable of learning new motor skills, these individuals are unable to 
learn new rules for applying these skills in novel or adaptive ways [149]. These 
findings demonstrate that the hippocampus plays a critical role in the acquisition of 
new information. The fact that the hippocampus is involved in explicit memory is 
further verified when rats are tested in multiarm mazes for both working and refer¬ 
ence memory [150]. In these experiments, reference memory is defined by the ability 
of the animal to remember the location of food within the maze. By contrast, working 
or episodic memory refers to the ability of the mouse to use information acquired 
between test trials, such as which maze arms the animal had just visited and whether 
a food reward was found in that location. In these tests, Olton and colleagues [150] 
demonstrated that working memory was controlled in areas outside of the hippo¬ 
campus, most notably in the frontal cortex and striatum. The relationship between 
reference and working memory in animals has been compared with semantic and 
episodic memory functions in humans [151]. This similarity between species serves 
to further strengthen rodent studies as tools to investigate basic mechanisms that 
underlie memory formation, and they also provide a foundation for understanding 
cognitive dysfunction in various psychiatric conditions [139]. 

Radial Arm Maze 

The radial arm maze is used to study various aspects of learning and memory in 
rodents, including spatial and nonspatial attributes [145] as well as working and 
reference memory [152, 153]. The maze consists of an octagonal hub or central 
area, from which eight arms of identical size radiate outward. The original maze 
was elevated above the ground and had open arms so that the rat or mouse could 
use extramaze cues to navigate the maze [150]. More recently, intermaze cues have 
been employed to examine nonspatial learning [145]. In this case, specific patterns 
or textures are placed at the opening of each arm from the central hub or only at 
openings of particular arms during testing [145]. This strategy, in conjunction, with 
the traditional radial arm maze test, has allowed investigators to study both spatial 
mapping as well as working and reference memory. 

In its traditional format, the radial arm maze test (also called the win-shift or 
win-stay paradigm) has food reward placed in some or all arms, and the animals 
have to remember the locations of the food or where they have just gone to retrieve 
the food [154, 155]. Over trials, animals learn to avoid re-entry into arms where 
food has been retrieved. Behavior is measured as the number of arms the animal 
enters before repeating an entry and the time required to retrieve all food rewards 
[34, 152, 156]. Animals with learning impairments typically make fewer arm visits 
before reentering an arm and may take longer to retrieve all food rewards. The radial 
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arm maze has also been used to examine perseveration and impulsivity in cognitive 
dysfunction, which can interfere with cognitive performance [156]. 

Before testing in the radial arm maze, mice are subjected to daily handling and 
placed on food restriction to 90% of their free-feeding weight. Following five days 
on this regimen, animals are placed in a clear cup in the middle of the apparatus 
(e.g., the hub) and are given 5 min to eat Fruit-Loops food reward. Although some 
investigators shape the animals by scattering food along the arms of the maze [153], 
we have found that, once the mice learn to eat in the central hub of the maze, they 
have little difficulty in finding the rewards in the arms. Once the mouse has consumed 
food (equivalent to baiting all eight arms of the maze) reliably over three consecutive 
days within 300 sec, radial arm maze testing begins. In our laboratory, we utilize a 
protocol for mice based upon that designed for the rat by Addy and Levin [154]. At 
the start of the test trial, all arms or certain arms of the maze are baited, and the 
mouse is placed in the center of the maze inside a small cylinder. After 10 sec the 
cylinder is removed, allowing the mouse unimpeded access to the maze. Each arm 
entry is reinforced only once during the test trial. An arm entry is recorded when 
all four feet of the mouse cross into the arm. The animal remains in the maze until 
all food rewards are retrieved or until 300 sec has elapsed. Performance is assessed 
by the entries to repeat. In addition to this measure, the total time required for the 
animal to retrieve all food rewards is recorded. Aside from cognitive performance, 
rudimentary assessments of motivation can be made by noting the amount of food 
consumed. Perseveration can also be evaluated as the propensity of an animal to 
exit one arm and enter another arm repeatedly [156]. If behavior in the maze is 
video-recorded, the images can later be evaluated for the speed with which the mouse 
traverses the maze. High speeds with numerous errors may suggest impulsivity. 

Morris Water Maze 

The Morris water maze is an apparatus where mice learn to escape from water by 
swimming to a hidden platform located just below the surface of the water. Control 
animals learn this task in a relatively short time — only a few days [157, 158] or, 
under special training conditions, within a single day [159]. The water maze is 
advantageous, as it does not require food or water deprivation and takes advantage 
of the natural swimming behavior of the animals. Moreover, various studies have 
shown that an intact hippocampus is required for this task and that hippocampal- 
cortical pathways, as well as the dorsal striatum, play critical roles in the regulation 
of spatial memory in this test [160, 161]. 

The water-maze test requires a fairly large area of lab space where cues outside 
the maze can remain stable over the entire testing period. The maze uses a large 
circular pool of water that is made opaque by the addition of a white dye or nontoxic 
white poster paints. Although powdered milk can be used, the milk becomes rancid 
over days, and this feature increases the workload on the investigator. The behaviors 
of mice in the maze are video-taped with a camera mounted directly over the center 
of the pool. These data can be analyzed by several tracking programs such as Noldus 
Ethovision (Noldus Information Technology, Blacksburg, VA), SMART (San Diego 
Instruments, San Diego, CA), Water for Windows (HYS Image, Hampton, UK), or 
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Wintrack (University of Zurich, Switzerland). Each program provides basic mea¬ 
surements, including path length, swim time, and velocity as well as a number of 
analyses for path-length data [162]. Lighting the pools can be tricky, but placement 
of the lights behind diffusers in the ceiling or having the lights mounted on the walls 
at water level and pointing upward can produce adequate illumination without glare 
from the water surface — a critical consideration when using light-based automated 
tracking systems. The lighting should be even and maintained at 100-600 lux when 
measured from the surface of the water. A moveable platform, large enough for the 
mouse to stand comfortably with all four feet, should rest 1 to 2 cm below the 
surface of the water. It is important that the platform not be too far beneath the 
surface of the water; otherwise the mouse will have difficultly locating the platform. 
Optimum water temperatures are approximately 23 to 25°C. 

The pool is divided into quadrants, designated as northeast, southeast, northwest, 
and southwest (Figure 12.12). One quadrant is designated as the location of the hidden 
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FIGURE 12.12 Morris Water Maze. The Morris water maze assesses spatial learning in the 
mouse. The test is conducted in a large circular pool of water, where a platform has been 
hidden beneath the water surface in one quadrant of the pool. Mice must use spatial cues to 
navigate and find the hidden platform. As the mice learn the location of the platform, the 
swim time to the platform will decrease. Periodically, mice are given probe trials where the 
platform is removed from the pool. If the mice have acquired the task, they should spend a 
higher proportion of swim time in the quadrant where the platform was located previously. 
After all testing is completed, the animals are given visible platform trials which assess 
sensorimotor capabilities. In these trials the platform is made visible by the placement of a 
flag on or over the platform. Regardless of which quadrant the platform is placed during these 
“flag” trials, the mice should rapidly swim to the platform. 
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platform, and this position is maintained throughout testing. Release points for the mice 
occur at seven different locations, spaced equally apart. It is important that release points 
be randomized across testing, and the same release points should be used for all animals. 
It is also important that the investigator be hidden from view of the mice during testing, 
as we have found that most mice preferentially swim toward the individual who removes 
them from the pool rather than the platform. 

Before commencing testing, mice should be handled daily for one week. Testing 
typically consists of three phases: acquisition trials, where the animal uses extramaze 
cues to find the location of the hidden platform; retention or probe trials, where the 
platform is removed and the animal uses the cues to swim to the previous location 
of the platform; and cued navigation tasks or “flag trials,” where a flag is placed 
over a movable platform to assess visual and sensorimotor function of the mice 
(Figure 12.12) [162]. On the day before testing, mice are trained to sit on the platform 
for 30 sec. They are allowed to swim freely around the maze for 60-90 sec and are 
then guided to the platform. This is repeated several times for each animal. If mice 
attempt to jump from the platform, they are returned to the platform for an additional 
30 sec. Following each trial, mice are gently dried and placed back with cagemates. 
To avoid stressing the wet animals, it is important that the cage be kept out of drafts 
and, if needed, that a heating pad be set on a low setting and placed below the cage. 
The use of red lights or heat lamps is discouraged, as the brightness or heat from 
these lamps may be stressful to the animals. 

On the first day of testing, the mice are released from different locations around 
the perimeter of the pool and allowed to swim until they find the platform or until 
60 sec elapses. All mice are given four to six test trials per day, where pairs of trials 
are separated by an intertrial interval of 20 to 30 min. The acquisition phase of 
testing continues for 5 days for a total of 20 to 30 test trials. Variables used to 
establish learning during acquisition testing include path length (cm), the amount 
of time (sec) required to locate the platform, and swim velocity (cm/sec). Probe 
trials, where the platform is removed from the water maze, are given twice during 
acquisition training. We typically administer them midway and again at the end of 
testing. During the probe trial, the mouse is allowed to swim for 1 min with no 
platform present. In this time, the animal will use spatial cues to navigate and search 
the quadrant of the pool where the platform was previously located. Path length, 
swim time, and velocity are again examined, but this time they are measured for 
each quadrant of the pool. As the mouse acquires the task, it should demonstrate 
increased swim time in the quadrant on the probe trial where the platform was 
located previously. If no differences occur between quadrants, it is likely that the 
mouse has not learned to use spatial cues to find the platform. Increased swim time 
or path lengths in areas of the maze adjacent to the platform may indicate that the 
animal is confused about the relevant spatial cues or that knowledge concerning the 
position of the platform is still undergoing consolidation. 

Although some investigators test noncued and cued navigation in the same 
animals, we have found that more-reliable data can be collected if naive mice are 
used in both tests. On cued navigation trials, a “flag” is attached to the platform so 
that its location can be easily seen. We usually run 10 to 20 trials where the location 
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of the platform is randomized across trials. This test is critical to ensure that the 
sensorimotor capabilities of the mice are intact. If the mice fail to swim to the visible 
platform, it is important that vision be examined more closely in the animals, 
particularly if a neurophysiological screen was not conducted. In addition, poor 
performance on the flag trials may necessitate examining locomotor and coordination 
abilities of the mice. 

Mice have been shown to display distinct strategies and patterns in swimming 
navigation during learning [163]. Analyses of swim paths can provide some insights 
into these behaviors. In a detailed examination of swim paths from numerous ani¬ 
mals, Wolfer and Lipp [163] found that in the initial phases of acquisition, mice 
usually adopt a pattern of thigmotaxis, or swimming along the perimeter of the 
maze. However, this pattern is replaced rather quickly to search behaviors referred 
to as scanning. These search patterns consist of the mouse engaging in swimming 
random paths across all quadrants of the pool or may include circling in wide loops 
systematically through the different areas of the pool. Scanning, in turn, will give 
way to a more focused search strategy, particularly after the mouse has inadvertently 
encountered the platform. After the mouse has acquired that task, it will swim directly 
to the platform. On the other hand, some mice will show random floating or will 
swim in very tight concentric circles that may not appear as part of any systematic 
search strategy. We may remove these mice from the study. 

Neurological Mechanisms Underlying Learning and Memory 

O’Keefe and Nadel [146] first observed that the firing rates of hippocampal cells 
were correlated with specific locations in the test environment. These cells were 
later termed “place cells” [164]. Place cells were identified rapidly upon first expo¬ 
sure to the novel environment [165]. Once these patterns of activity in the hippo¬ 
campus were established, the firing patterns persisted; even when spatial cues were 
removed [166, 167]. Because place cells only fired when a specific area of the 
environment was encountered, it was postulated that new comprehensive maps called 
“place fields” were constructed in the hippocampus every time the animal entered 
a new environment. These data suggested that activity of hippocampal neurons was 
not only long lasting, but also malleable over time. 

Despite numerous studies conducted to characterize the hippocampal place fields 
and spatial memory, it was also known that the neural activity in the hippocampus 
could regulate nonspatial information and sequences of behavior that occur at regular 
intervals [168, 169]. Hence, neural activity in the hippocampus reflects a broad 
spectrum of responses, with some cells encoding unique events; some encoding 
certain stimuli, behaviors, and locations of events; and others regulating sequences 
of events or specific common features across different events. 

The brain areas typically associated with the hippocampal memory system 
involve the cerebral association cortex, the hippocampus proper, and the parahip¬ 
pocampal region, which includes the perirhinal and entorhinal areas. The cortical 
areas provide perceptual and motor information to the hippocampus through the 
parahippocampus [139]. The hippocampus proper is composed of several cell layers 
and is organized in a distinct manner that allows information to be sequentially 
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processed through defined circuits [170]. Three circuits are well defined: the per- 
forant pathway includes projections from the entorhinal cortex to the granule cells 
of the dentate gyrus; the mossy fiber pathway runs from the granule cells to the CA3 
pyramidal cells; and the Schaffer collaterals represent excitatory collaterals of the 
CA3 region that project to CA1 pyramidal cells. Transfer of information within the 
hippocampus is thought to occur along two glutaminergic pathways: the mossy fibers 
and Schaffer collaterals [114]. These pathways are under intense investigation, as 
long-term potentiation (LTP) and other processes — associated with plasticity and 
the formation of long-term memories — are easily studied in these neurons [171]. 
LTP was first described in the hippocampus, where it was observed that application 
of high-frequency electrical stimulation or tetanus to a particular neural pathway 
would augment excitatory synaptic potentials when the same pathway was restim¬ 
ulated with a single electrical pulse [172, 173]. Initially, studies in LTP were limited 
to the perforant pathway [174]; however, LTP was later observed in the mossy fibers 
and the Schaffer collaterals [175]. 

One of the first demonstrations that the glutamatergic NMD A receptors were 
important for spatial learning and synaptic plasticity was by Morris and colleagues 
[29]. In these experiments, intraventricular infusion of AP5 (an NMDA receptor 
antagonist) or direct infusion of this drug into hippocampus resulted in loss of spatial 
learning by rats in the hidden-platform version of the Morris water maze. Additional 
pharmacological and genetic experiments continued to support the idea that NMDA 
receptors, particularly those in the CA1 region of hippocampus, were necessary for 
the acquisition of spatial memory [129]. This idea was confirmed with homozygous 
mutant mice that specifically lacked NMDA receptors in the CA1 region of hippoc¬ 
ampus [18,176]. These mice were deficient only in the hidden-platform version of 
the Morris water maze. While multielectrode recordings in freely moving mice 
showed the CA1 pyramidal cells to have place-related neural activity, spatial spec¬ 
ificity for the individual place fields was perturbed. Intriguingly, induction of LTP 
in the Schaffer collaterals was also blocked. Although these studies provide strong 
evidence for the importance of the CA1 region and NMDA receptors in spatial 
learning and LTP, subsequent studies reveal that nonspatial learning is also disrupted 
(see Fear Conditioning section below) [44, 140]. 

Although NMDA receptors in CA1 hippocampus appear important for the acqui¬ 
sition or induction of memory, recall from long-term memory seems to be dependent 
upon other mechanisms [129]. As individual life experiences are unique moment- 
to-moment occurrences, it has been proposed that similar experiences only serve to 
reactivate certain aspects of stored memories rather than the complete memory [177]. 
Hence, this process should require that only certain neurons in a particular brain 
region become activated. Since CA3 hippocampus contains highly modifiable syn¬ 
apses, this brain region was hypothesized to be important for retrieval of hippocam¬ 
pal-dependent memories. As anticipated, CA3 NR1 knockout mice were deficient 
in recall that was dependent upon pattern completion [129]. These mutants could 
locate the hidden platform in the Morris water maze under full-cue conditions, but 
when probe trails were implemented with partial visual cues present, the knockout 
animals were unable to locate the platform. By contrast, mice with intact CA3 NR1 
receptors were capable of finding the platform under both conditions [129]. Place-cell 



Assessments of Cognitive Deficits in Mutant Mice 


259 


recordings from the CA3 NR1 receptor mutants revealed that responses from these 
cells to the degraded cued condition were severely impaired. Collectively, results 
with the CA1 and CA3 NR1 receptor knockout animals suggest that NMDA recep¬ 
tors in the CA1 region are intimately involved in the acquisition of memory, whereas 
recall is highly dependent upon NMDA receptors in CA3 hippocampus [129]. 

Despite this evidence, other laboratories have demonstrated that areas outside 
of CA1 and CA3 hippocampus are also critical for learning and memory. For 
instance, performance in the Morris water maze requires both spatial and nonspatial 
learning and memory [178], and some forms of learning appear to be independent 
of NMDA-mediated LTP in hippocampus [129]. Other brain areas that demonstrate 
LTP and are implicated in the induction and maintenance of memory processes 
include the prefrontal cortex [179, 180] and amygdala [181]. For example, enhance¬ 
ment of NMDA-receptor function in NR2B transgenic mice produces improved LTP 
in forebrain [182]. The transgenic mice also show enhanced retention in the novel- 
object recognition task, the Morris water maze, and fear conditioning. 

Although a number of investigators have shown that glutaminergic transmission 
within hippocampal-prefrontal pathways plays a key role in LTP, other neurotrans¬ 
mitters including dopamine [180], norepinephrine [183], and serotonin [184] also 
affect LTP and long-term memory. For instance, stimulation of the ventral tegmental 
area provokes dopamine overflow in the prefrontal cortex and leads to a long-lasting 
enhancement in the magnitude of LTP [185]. By contrast, depletion of cortical 
dopamine levels dramatically reduces LTP [180]. The importance of dopamine in 
LTP is further emphasized by the fact that an optimal level of dopamine D1/D5 
receptor expression is necessary for adequate LTP in the hippocampus [186, 187] 
as well as other brain regions, including the prefrontal cortex [188] and striatum 
[189]. Noradrenergic contributions to synaptic plasticity and LTP in both cortical 
and hippocampal areas have also been documented [190, 191]. Noradrenergic path¬ 
ways, which originate in the locus coeruleus and innervate both the cerebral cortex 
and hippocampus, have been found to modulate glutamatergic activity and synaptic 
plasticity at perforant synapses in dentate gyrus [190], at mossy fiber synapses [192], 
and in CA1 hippocampus [193, 194]. In addition to catecholamines, serotonin also 
controls synaptic plasticity [195, 196]. Acute systemic administration of a serotonin 
reuptake inhibitor (fluvoxamine) increased the efficacy of synaptic transmission in 
the hippocampal-prefrontal cortical pathway [195]. When the rats were treated for 
21 days with fluvoxamine, a marked enhancement in LTP was observed. Alterna¬ 
tively, destruction of the serotonin neurons in this pathway also enhanced LTP [196]. 
Both effects were attributed to disinhibition of the serotonin 1A receptor that regu¬ 
lates both NMDA-receptor function and LTP in the prefrontal cortex and hippo¬ 
campus [197]. These findings are intriguing because they suggest that regulation of 
learning and memory involves mechanisms beyond glutamatergic control. In this 
regard, the atypical antipsychotic clozapine, which can bind to norepinephrine, 
dopamine D4, and serotonin receptors, has been found to reverse stress-induced 
impairments in LTP and cognitive functioning [180]. These studies provide critical 
links between mouse models of cognitive dysfunction and analogous symptoms 
observed in human psychiatric patients, suggesting an important role for these brain 
areas in the pathophysiology of various psychiatric conditions. 
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Conditioned Emotional Responses 

The conditioned fear response has become a common and powerful paradigm with 
which to study the neurological basis of emotional responses as well as learning 
and memory. This Pavlovian paradigm involves exposing the animal to a neutral 
conditioning stimulus (CS) and pairing this to an aversive unconditioned stimulus 
(UCS). Parenthetically, the CS is usually a light or tone, and it usually also cues 
within the same chamber where the animal was conditioned. After pairing the CS 
and UCS, the CS alone often elicits a defensive or “fearful” response that may 
involve immobility or freezing behavior. 

Conditioned Taste Aversion (CTA) 

CTA was discovered when investigators realized that irradiated rats avoided solutions 
or food that had been present during radiation treatments [198]. When rats encoun¬ 
tered a novel taste (the CS) and this was followed by transient gastrointestinal distress 
caused by low-dose radiation (the UCS), CTA developed. This response results in 
a diminished intake of saccharin upon subsequent presentation. Later studies found 
that CTA could develop following exposure to a variety of other illness-producing 
agents, including chemotherapeutic agents, high doses of apomorphine or amphet¬ 
amine, and lithium chloride [199]. For CTA to develop, the animal must be able to 
detect the CS; it must be able to become ill from UCS exposure; it must be able to 
form an association between the US and CS; and, finally, it must be able to avoid 
the CS. 

CTA is a relatively simple test to conduct, and it typically requires two days of 
combined training and testing. Mice are placed on food restriction prior to testing 
to ensure that they will consume an adequate amount of the novel food during 
conditioning and to guarantee that an association between the CS and UCS will 
develop. Alternatively, water restriction can be used so that lithium chloride treatment 
can be paired with the consumption of a saccharin solution. In our laboratory we 
have found that both procedures work equally well with mice. The advantage of 
using a novel flavored food is that it is highly palatable to the mice, the amount of 
food consumed is easy to measure, and testing can be conducted over a brief period 
of time. By comparison, saccharin-flavored solutions typically require longer con¬ 
sumption periods to ensure that an adequate amount of the solution has been con¬ 
sumed. In addition, when using a liquid CS, intake can take several days to stabilize, 
and analyses of fluid intake typically require more elaborate and precise measure¬ 
ments, such as those provided by eating and drinking chambers available for mice 
(see Columbus Instruments, Columbus, OH). Readers interested in using saccharin- 
flavored water in CTA for mice should consult Cannon and colleagues [200]. 

Mice are individually housed the day before testing and placed on food restric¬ 
tion. On the test day, each mouse is placed into a clean test cage with a flavored 
diet located in a small feeding dish mounted in the center of the cage (Figure 12.13). 
The ground chow can be flavored with either 1% vanilla or almond extract and 
sweetened with a 0.25 -M saccharin solution. Mice should be counterbalanced across 
flavors, so that half the animals are conditioned with vanilla-flavored chow and the 
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FIGURE 12.13 Conditioned taste aversion. A simple and rapid test to assess the ability of 
a mouse to develop a conditioned emotional response. Following food restriction, the mice 
are allowed to consume flavored chow. Immediately following consumption, the animals are 
injected with 0.15 M lithium chloride so as to pair the flavored chow with gastrointestinal 
distress. Twenty-four hours later, the mice are reexamined for a food preference between the 
flavored food (paired with the lithium chloride) and an alternative flavored diet. Mice that 
can develop a conditioned emotional response will not consume the diet paired with the 
lithium chloride. 

other half with almond-flavored chow. The bowl with flavored diet is weighed before 
conditioning and again after 30 and 60 min of exposure. Because rodents typically 
restrict their initial consumption of novel food sources [201], it is important to weigh 
the bowl at both 30 and 60 min, allowing the mouse to consume an adequate amount 
of flavored diet. Mice on food restriction or food deprived the day before testing 
typically consume 0.3 to 1.0 g of food during the 1-h free-feeding period. After 1 
h the mice are removed from the test chamber and injected with either 0.15 M lithium 
chloride or sterile water. The mice are returned to their home cage, maintained on 
food restriction, and tested 24 h later for retention. CTA testing involves a two- 
choice test between the two flavored chows, almond and vanilla. Mice conditioned 
to almond may be expected to prefer vanilla and those conditioned to vanilla should 
prefer almond. If control animals fail to demonstrate a preference between the two 
flavored chows, then several factors should be investigated, including increasing the 
lithium dose or increasing the saccharin concentration relative to the flavoring 
concentration to ensure that the animals are cued to flavor and not sweetness of the 
diet. It is also important that the mice be naive, with no previous exposure to either 
almond or vanilla flavoring/scents or saccharin solutions before testing. Any of these 
experiences can create latent inhibition in the mice and weaken the CS-UCS asso¬ 
ciation during conditioning [202]. 
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A number of research studies have shown that the amygdala appears to be an 
important brain region for regulation and expression of CTA [199]. Although rats 
with lesions of the medial or central nucleus of the amygdala fail to demonstrate 
deficiencies in CTA, lesions of the basolateral amygdaloid (BLA) nucleus induce 
profound disruptions of CTA. The effect of BLA lesions has also been attributed to 
a reduction in neophobia. The BLA receives afferent information from all sensory 
modalities and relays this information to the central nucleus. The central nucleus is 
reciprocally connected to the hypothalamus and nucleus accumbens through stria 
terminalis and to the dorsal medial nucleus of the thalamus, the rostral cingulate 
cortex, orbital frontal cortex, and brain stem through the amygdalofugal pathway 
[203]. Given that lesions of the central nucleus fail to disrupt CTA, it can be assumed 
that the locus of control for this behavior rests within the BLA [199]. 

Fear-Potentiated Startle (FPS) 

FPS is a test of Pavlovian conditioned fear where a reflexive acoustic startle response 
can be augmented when a startle stimulus is presented with an aversive stimulus 
that elicits a fear response [204, 205]. FPS has a number of features that make it 
attractive to investigators [206]. For instance, the reflexive startle response requires 
no learning on the part of the animal. The test is fully automated, and the potentiated 
startle response is long lasting and allows examination of long-term memory and 
extinction [207]. Unlike other tests of conditioned emotional responses, FPS can be 
examined following fear conditioning, permitting the investigator multiple opportu¬ 
nities to examine learning and memory under different paradigms [208]. Finally, the 
neural circuits that regulate emotional learning and memory are well characterized 
from the molecular to neurological levels [209]. 

Typically, FPS is conducted across four days (Figure 12.14). On each day, mice 
are acclimated to the chambers for 5 min before testing. On the first day, baseline 
startle responses are measured across a range of acoustic startle stimuli. On the next 
day, startle responses are paired with the CS. On the third day, mice are conditioned 
to the CS and scrambled electric shock, and on the fourth day, potentiation of the 
startle response to the CS is evaluated without shock. 

Baseline testing on day 1 involves administering 40-msec bursts of white noise 
at several different intensities (100, 105, and 110 dB). Mice should demonstrate 
moderate startle responses to these stimuli. If the startle responses are too high (e.g., 
over 800 mA), mice are re-examined at lower intensities beginning at 90 dB. High 
baseline startle responses can result in a “ceiling” effect where potentiation of the 
response is more difficult to measure on subsequent test days. It is also important 
to evaluate mice on only 10 to 15 trials, where each stimulus is presented three to 
five times each, because the mice can habituate to these acoustic stimuli if they are 
administered too frequently [210]. On day 2, mice are placed back into the test 
chambers and given nine trials of baseline startle stimuli (three presentations/inten¬ 
sity). They are then presented with 18 test trials with these same acoustic stimuli 
(six presentations/intensity). On half the trials, the startle stimuli are administered 
immediately following a 30-sec, 12-kHz, 70-dB tone (CS); on the other half no tone 
is given. The tone-rstartle trials are interspersed in a pseudorandom order with the 
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FIGURE 12.14 Fear-potentiated startle. A Pavlovian test of conditioned fear that utilizes the 
reflexive acoustic-startle response. Mice are examined for baseline startle responses on the 
first day. On the second day, animals are presented the startle stimuli and the CS (tone). On 
the third day, the mice are given the CS and shock pairing; 24 h later they are tested for 
retention. Mice that develop a conditioned emotional response exhibit potentiation of the 
startle response to the CS on the final test day, in absence of the shock. 

startle-only trials. The magnitude of response to the CS (e.g., preconditioning poten¬ 
tiated response) is calculated by subtracting the response to startle-stimulus-only trials 
from the tone+startle-stimulus trials, dividing this number by the startle-stimulus-only 
responses, and multiplying the final score by 100. Positive values indicate that the tone 
augments the baseline startle response, whereas negative values suggest a reduction in 
startle response to the tone. If an increase or decrease of the response exceeds 15%, 
then the animals will have to be re-examined under various intensities of tone and white- 
noise startle stimuli until more desirable levels are obtained. 

On day 3, the tone is presented and, at its termination, a 0.25-sec 0.3- to 0.4- 
mA scrambled shock is administered. The mice receive ten CS-UCS pairings, sep¬ 
arated by an intertrial interval of 90 to 180 sec. Twenty-four hours later, the mice 
are tested for FPS under the same procedures used for day 2. Potentiation is measured 
by the same formula used to calculate the preconditioning potentiated startle. For 
animals that acquire FPS, the percent potentiation should be increased following 
conditioning compared with values obtained before conditioning. Parenthetically, 
C57BL/6 mice typically demonstrate FPS of 50 to 100% when postconditioned 
potentiation is compared with preconditioned responses [206]. In our laboratory we 
have generally found that control groups of unaffected WT mice or inbred C57BL/6 
mice produce similar levels of FPS. 

The FPS paradigm has a distinctive advantage over other tests of conditioned 
emotional memory in that it can be evaluated in humans of all ages with parameters 
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similar to those used for rodents [211, 212]. Adult human patients diagnosed with 
posttraumatic stress disorder, depression, or bipolar disorder, and children with 
anxiety or temperament abnormalities, demonstrate enhanced and abnormally per¬ 
sistent FPS responses [213-215]. In addition, FPS in animals has been proposed to 
parallel the development of pathological fears and phobias in humans, where per¬ 
sistent and exaggerated responses to fear-provoking stimuli have been documented 
[216]. Anxiolytics block FPS in rodents, whereas anxiogenics can potentiate the 
response [217]. FPS is quite sensitive to drugs known to modulate states of fear and 
anxiety in both rodents and humans, including norepinephrine antagonists, benzo¬ 
diazepines, opioids, and atypical anxiolytics [218, 219]. 

Although hippocampal or amygdala lesions interfere with expression of FPS 
[220, 221], the amygdala is considered the key site for FPS regulation [222]. For 
instance, the central and lateral amygdala are stimulated in response to the CS, and 
this activation appears to promote enhanced and prolonged neural responsiveness 
[223]. Besides these regions, the BLA also appears to be involved in FPS, as 
pharmacological lesions of the pathway between the central and basolateral nucleus 
impair expression of FPS following conditioning [207]. Moreover, acquisition of 
the conditioned emotional response for FPS is blocked when competitive NMDA 
antagonists are injected directly into the BLA; these agents also disrupt or prolong 
extinction of FPS. Hence, these findings indicate that the various regions of the 
amygdala serve different functions in FPS and that the basolateral amygdala is 
critical for the formation and plasticity of emotional memories that underlie condi¬ 
tioned emotional responses. For these reasons, FPS testing can provide important 
insights into the neural mechanisms that underlie associations between fear and 
anxiety found in human anxiety disorders [185, 209]. 

Fear Conditioning 

The idea behind fear conditioning is that a fearful experience establishes an emo¬ 
tional memory that can result in long-term behavioral changes and, in some cases, 
these changes can become part of the permanent behavioral repertoire of the indi¬ 
vidual [224, 225]. In this paradigm, mice are conditioned by pairing a tone (CS) 
with foot shock (UCS). The animals are later examined in two tests; one evaluates 
contextual fear and the other examines fear responses elicited by the CS (cued fear 
conditioning). Fear in both tests is signified by immobility or freezing behavior 
(Figure 12.15). This response is a direct reflection of the conditioned emotional 
response in animals [226]. By examining freezing behavior in the different test 
conditions, dual mechanisms underlying conditional emotional memory can be 
examined. Freezing during the context test is attributed to hippocampal or temporal 
lobe processes. Deficits in freezing during the context and cued tests are indicative 
of amygdala dysfunction. 

The strengths of the fear-conditioning paradigm are several-fold. For instance, 
conditioning only requires a single session. Additionally, the stimuli are under direct 
control of the investigator, and the behavioral responses have been operationally 
defined, validated, and are simple to measure. Further, the neural substrates for fear 
conditioning in animals have been identified. It is noteworthy that abnormalities in 
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FIGURE 12.15 Fear conditioning. In Pavlovian fear conditioning, a fearful experience estab¬ 
lishes a memory that can result in long-term behavioral changes. On the first day, mice are 
placed into a chamber and conditioned with a tone paired with foot shock. On the second 
day, the mice are returned to the chamber, and the incidences of freezing are examined in the 
absence of tone and foot shock (context test). Alternatively, the mice can be placed in a novel 
chamber, and freezing behavior is noted following the presentation of the tone without foot 
shock (cued test). In both tests, immobility or freezing behavior is scored. 

the hippocampus and amygdala have been implicated in psychopathologies such as 
schizophrenia [227] and anxiety disorders [228, 229], including obsessive-compul¬ 
sive disorder [230] and posttraumatic stress disorder [231-233]. 

Fear conditioning and testing can be conducted over two to three days, depending 
upon whether the same animals are used for the context and cued tests or whether 
different groups of mice are used in each test. In practice, we have found no 
differences between these two conditioning protocols. Typically, fear-conditioning 
testing is conducted either in a single chamber where the contextual features of the 
apparatus (e.g., lighting, floor texture, wall shape and texture, and visual cues) can 
be altered [13] or in two to three different chambers [231]. Behavioral responses 
are videotaped for later analyses with ethological scoring programs such as the 
Noldus Observer (Noldus Technologies, Blacksburg, VA) or are scored live by 
trained observers. Automated fear-conditioning chambers are also available, which 
permit simultaneous videotaping of mice with an automated threshold-detection 
system that monitors movements of the mice (Med-Associates, St. Albans, VT). The 
investigators can set detection thresholds so that freezing behaviors fall beneath one 
threshold and reactive behaviors such as jumping or running register above another. 
Activity between the two thresholds may constitute grooming, sitting, or low-inten¬ 
sity exploratory activity. When using these automated systems for fear conditioning, 
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it is critical that the investigator first observe a pilot group of animals for freezing 
and general exploratory behaviors so that thresholds can be set to accurately differ¬ 
entiate these behaviors. In our laboratory we use both ethological and automated 
measures simultaneously. More recently, a fully integrated system has become avail¬ 
able (Med-Associates, St. Albans, VT) that controls stimuli presented to the mice 
and records all behavioral responses through threshold-detection systems and video 
analyses. 

During testing, particular precautions must be taken so that the observed emo¬ 
tional responses can be attributed directly to conditioning and not other influences. 
Novel scents can be powerful manipulators of behavior in rodents and, under par¬ 
ticular circumstances, can provoke freezing behaviors [234]. Hence, it is important 
that the test chambers be cleaned adequately between animal testing. We use 
unscented Anlage spray (VWR International, West Chester, PA) or NPD-128 (VWR). 
The use of alcohol or ammonia-based cleaners between testing is discouraged, as 
these agents produce lingering odors that can be distracting to the animals during 
subsequent tests. Animals should be maintained in group housing before testing, as 
it has been shown that isolation can induce abnormal behaviors and interfere with 
attention [235] and learning [236]. During conditioning and testing, it is important 
that the mice be housed or maintained in rooms separate from the test room. If 
animals are to be evaluated in both contextual and cued fear conditioning, then 
modes of transit to the test rooms should be changed so that subtle but salient cues 
are not transmitted to the animal prior to testing. The investigator should also wear 
different lab coats and gloves for conditioning and testing. 

In our lab, the mouse is placed in the test chamber for 2 min. After this time, a 
30-sec, 65-dB, 2900-Hz tone is given, and 2 sec before termination of the tone, a 
0.4-mA scrambled foot shock is administered where the tone and shock terminate 
simultaneously. The mouse remains in the apparatus for 30 sec before removal to 
the home cage. Parenthetically, while we find a single conditioning trial is often 
sufficient for conditioning, two to three CS-UCS pairings can provide more robust 
results when the pairings are separated by 30 to 60 sec. During the entire conditioning 
session, all incidences of spontaneous freezing behaviors are recorded. It may also 
be informative to observe whether the mice orient to the CS and whether they respond 
to the UCS during conditioning (e.g., running, vocalizing, or jumping). Mice that 
do not show these responses may have hearing loss [133] and be insensitive to the 
level of foot shock (see Appendix to this chapter). 

Following conditioning, the mouse is returned to its home cage and tested 24 h 
later. Retention is measured in both the context and cued tests (Figure 12.15). For 
context testing, the mouse is returned to the original conditioning chamber and 
allowed 5 min of free exploration in the absence of tone. The next day the animal 
is evaluated in cued fear conditioning. Cued testing involves placing the mouse in 
a new test chamber or in the conditioning chamber where previous sensory cues 
have been disguised with novel floor textures, changes in wall patterns or colors, 
etc. In the cued test, the animal is allowed to explore the new surroundings for 2 
min, after which the CS is presented for 3 min. In each test, freezing behavior is 
scored and expressed as the total sec of freezing, the percent test time freezing, or 
the percent time spent immobile per min [13]. The latter option is advantageous in 
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that the pattern of behavior can be examined across testing for delays in freezing 
following exposure to the chamber or tone, or for early extinction of the behavior. 
Titration of the interval between conditioning and testing can be used to examine 
the acquisition and consolidation of emotional memory [181]. Alternatively, strength 
of the emotional memory can be evaluated through repeated apparatus exposure to 
follow extinction [237]. 

In fear conditioning two CS exist; one related to the contextual fear and the 
other associated with the auditory cue. As the contextual CS comprises the testing 
environment, the CS is more generalized and is present continuously throughout 
conditioning and testing. By comparison, the cued CS is usually restricted to a single 
sensory modality (e.g., tone) that is precisely timed to coincide with the presentation 
of the foot shock. Due to these distinctions, the contextual CS is more plastic and 
readily amenable to extinction compared with the cued CS. These observations 
suggested to Phillips and LeDoux [238] that different neural pathways control the 
expression of conditioned emotional responses in these two forms of fear condition¬ 
ing. While the amygdala is critical for expression of conditioned fear in both the 
cued and contextual tests, the hippocampus is involved in contextual fear. Lesion 
studies have confirmed these hypotheses [238]. 

Conditioned fear is mediated by brain areas that can detect, process, and direct 
behavioral responses to perceived danger [225, 226]. Various investigators have 
consistently demonstrated that the amygdala is critical for the induction, BLA, and 
maintenance of conditioned fear [181, 239]. More specifically, the basolateral is a 
locus of sensory input that is proposed to be the location where the CS and UCS 
are initially associated. Neurons in the ventral hippocampus, subiculum, and CA1 
region project to BLA, and damage to these areas can interfere with the development 
of contextual fear conditioning [224]. In addition, the central nucleus of the amygdala 
sends projections to the hypothalamus and brainstem to support the behavioral 
responses. Although lesions to the central nucleus can disrupt the expression of 
conditioned fear responses, damage to the specific projection areas can interrupt 
individual conditioned responses. For example, lesions to the periaqueductal gray 
can perturb freezing behavior while leaving blood pressure unaffected. Additionally, 
disruptions to the stria terminalis also interfere with conditioned release of adreno- 
corticotropin while leaving freezing and blood pressure responses intact [224]. 

Both glutamate and dopamine have been shown to be important for fear condi¬ 
tioning. For instance, NMDA receptors in the dorsal hippocampus and CA1 region 
play an important role in controlling freezing responses in contextual, but not cued, 
fear conditioning [44, 240]. Dopamine is also an important regulator of fear condi¬ 
tioning [225]. Dopamine D1 and D2 receptors are highly expressed in the amygdala 
[241]. Fear-arousing stimuli lead to the activation of dopamine neurons and the 
enhancement of dopamine neurotransmission in the amygdala [242]. Specific roles 
of the dopamine D1 and D2 receptors in fear conditioning have also been elucidated 
with mutant mice and drugs. When the D1 receptor mutants are examined in fear 
conditioning, they exhibit conditioned fear responses but fail to show extinction 
when repeatedly reexposed to the conditioning context [130]. Although D2 receptor 
homozygous mutants have not been examined in fear conditioning, administration 
of a selective D2 receptor antagonist (raclopride) into the amygdala impairs the 
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acquisition and retention of the conditioned emotional response [243]. Bilateral intra¬ 
amygdala infusion of another D2 receptor antagonist (eticlopride) also disrupts 
formation and consolidation of emotional memory [244]. The roles of both the 
dopamine and glutamate in conditioned fear are particularly interesting because 
aberrations in these neurotransmitter systems are implicated in the pathologies of 
several psychiatric disorders where inappropriate fear responses are reported [225]. 

SUMMARY AND COMMENTS 

The purpose of this chapter was to provide a general overview of tests designed to 
evaluate cognitive function in mice. An ancillary goal was to make the researcher 
aware that neurological and psychiatric dysfunction can also perturb cognition and 
that these complex behaviors have symbiosis. Given these relationships, it is impor¬ 
tant to evaluate mice on multiple dimensions of behavior to identify their phenotype. 
In cognitive testing, multiple behavioral and physiological deficiencies can confound 
cognitive performance. Finally, since the genetic background of mice can signifi¬ 
cantly influence behavior [245, 246], it is critical that the appropriate controls be 
included in the study so that any behavioral dysfunction can be more clearly ascribed 
to the gene(s) under study rather than representing other influences. 

To date, animal models that use mutant mice have provided new insights into 
behavioral function. Although these models have given invaluable information, it is 
important to remember that these animals only provide approximations of the symp- 
tomologies and deficiencies of human patients. Nevertheless, subjecting mice to a 
comprehensive battery of tests provides a better framework for understanding not 
only the overall behavioral phenotype of the mutant, but also for more fully recog¬ 
nizing the limitations of the specific animal model. Despite this precaution, it should 
be emphasized that the goal of animal research is not to mimic precisely the human 
diseases or disorders under study, but to provide greater insights into basic genetic 
and molecular mechanisms involved in expression of the behavior. Once these 
mechanisms are better understood, new therapeutic strategies can be explored and 
developed for treating human patients. 

APPENDIX: SHOCK-THRESHOLD TESTING 

To evaluate sensitivity to foot shock, animals are exposed to different intensities of 
scrambled foot shock, and their behavioral responses are videotaped. In our labora¬ 
tory, we use seven different intensities of foot shock (0, 0.05, 0.1, 0.15, 0.2, 0.3, 
and 0.4 mA) and present them in a random order, where each intensity is presented 
three times over 2 sec. Behavioral responses are scored by hand or with a comput¬ 
erized behavioral scoring program (Noldus Observer, Noldus Information Technol¬ 
ogy, Leesburg, VA). Responses are placed on a rating scale, with the lowest level 
of response scored as zero, indicating no overt response to the foot shock. Low- 
level responses include freezing, face wiping or self-grooming, shaking, or rapid 
forward departures; whereas moderate responses include tail rattling or retreating 
from foot shock. Moderately reactive responses include kicking, vocalization, and 
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locomotor reactivity such as darting and leaping. The highest level of response 
includes jumping against the walls or ceiling of the chamber. Behavioral scores are 
summed based on the type of response and analyzed as a function of shock intensity. 
For behavioral conditioning, we select a level of foot shock that promotes only 
moderate responses. Foot shocks that induce continuous vocalizations, darting, or 
jumping may traumatize the animal and lead to inconclusive results. 
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COGNITIVE CHANGES WITH AGE IN MACAQUES 

Various species of macaques, particularly Macaca mulatta (rhesus), have played an 
important role in our current understanding of the anatomical sites and in the 
behavioral and molecular mechanisms involved in cognition and memory. These 
versatile animals have been taught to perform a broad landscape of behavioral 
paradigms, many of which are relevant to human learning and memory. The rhesus 
monkey shares 92 to 95% genetic homology with the human species, and these 
animals enjoy a cognitive domain that allows for evaluation of higher-order cognitive 
and executive function. Nonverbal human cognitive tasks have been adapted for 
nonhuman primates, and vice versa, without reservation that a form of declarative 
memory is readily accessible in these animals. Numerous operant paradigms have 
been designed to evaluate aspects of reference memory, attention, and working 
memory (both short term and long term). Despite the various macaque species 
employed, and the variety of testing modalities applied, the largely consistent finding 
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is that, with age, there is a decrement in memory-related task performance [1-4]. 
Without doubt there are macaques (and other nonhuman primate families) within 
the aging population that do not appear to exhibit age-dependent decrements in 
memory-related task performance. The potential for successful cognitive aging in 
these animals obviously has a human counterpart. The ability to study the differences 
at anatomical, cellular, neurochemical, and functional levels between animals that 
are successful vs. nonsuccessful with regard to cognitive aging has largely been the 
domain of rodent studies. Very few labs have used this approach with regard to 
nonhuman primates [e.g., 5, 6]. Part of the difficulty resides in the relatively long 
lifespan of macaques. Most often it is not possible to know whether an aged subject 
that displays cognitive impairment is that way because of true age-related impair¬ 
ment, or because the animal was below the range of normal intelligence for these 
animals from early on. 

Do Old Monkeys Get Alzheimer's(-like) Disease? 

Aged rhesus monkeys can succumb to many of the same diseases that afflict the 
human elderly [4], with the outward appearance of aging apparent over a time course 
commensurate with the approximately three-fold difference in human-monkey 
lifespan. Though the consequences of aging on the macaque brain have been the 
subject of numerous studies, there continues to be controversy as to whether declin¬ 
ing cognition is related to cortical neuronal loss [7, 8]. Perhaps more convincing is 
the finding of the loss of specific types of subcortical neurons, such as the cholinergic 
cells arising from the medial septal nucleus [9] or the nucleus basalis [8]. Indeed, 
the loss of presynaptic cholinergic activity with age in the basal ganglia of rhesus 
monkeys, as measured by positron emission tomography (PET), could partly explain 
the loss of cognitive function with age [10]. These PET studies also revealed that a 
minority of older subjects exhibited near-normal cholinergic activity — a finding in 
consort with the minority of aged animals that fail to show cognitive deficits with age. 

Since advanced age continues to be the most potent risk factor for Alzheimer’s 
disease, the nature of the changes underlying age-related cognitive deficits in human 
and nonhuman primates remains relevant. But most nonhuman primates, and par¬ 
ticularly macaques, do not appear to acquire an Alzheimer’s-like syndrome. Though 
most aged rhesus monkeys (for example) are found to be cognitively impaired 
relative to their young counterparts, their impairment is relatively constant through¬ 
out the remainder of their lives. They do not normally exhibit a rapidly degenerating 
cognitive deterioration as would be encountered in Alzheimer’s disease. However 
aged monkeys do often present with amyloid plaques on autopsy. These plaques can 
be visualized by using human anti-A(3 protein antibodies, by human anti-apoenzyme 
E antibodies, and by human anti-ubiquitin antibodies [11, 12]. As with human 
Alzheimer’s disease, plaque densities in aged rhesus monkeys are not well correlated 
with antemortem cognitive power. Also, plaque densities found in aged primate 
brains are not as severe or extensive as is commonly encountered in advanced 
Alzheimer’s disease. One other interspecies difference, with some rare exceptions 
[e.g., 13], is the absence of human-type neurofibrillary tangles in the aged nonhuman 
primate brain. Neurofibrillary tangles represent the other hallmark pathological entity 
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of Alzheimer’s disease. Whether the absence of tangles in the aged macaque brain 
is a result of the underlying tau protein being expressed with a different amino acid 
composition from human form [14], or whether the animals simply do not live long 
enough to develop tangles [15], is as yet unresolved. So the answer to the question 
posed by the subtitle for this section must be that aged monkeys as they are com¬ 
monly used in biomedical research do not develop true Alzheimer’s disease. 


DELAYED MATCHING-TO-SAMPLE AS A PARADIGM 

FOR ASSESSING COGNITION 

Matching-to-sample performance was first described in laboratory animals over 40 
years ago [16]. The delayed matching-to-sample (DMTS) task allows for the deter¬ 
mination of components of reference and working memory in monkeys, i.e., delay- 
dependent effects can be distinguished from delay-independent effects on working 
memory. Increasing mnemonic burden decreases performance efficiency, and the 
resultant retention curve can provide information regarding the effect of a drug 
treatment or other manipulation on the components of memory [16]. Proficiency by 
macaques in the DMTS task depends upon unimpaired hippocampal and inferotem- 
poral cortical function [17, 18], whereas acquisition of the “matching” component 
of the task is dependent upon frontotemporal cortical interactions [19, 20]. It is not 
too surprising, therefore, that the DMTS task is capable of detecting the decrease 
in cognitive proficiency that occurs with advanced age both in humans [21] and in 
monkeys [22]. Versions of the DMTS task have been utilized in numerous clinical 
studies as an instrument for evaluating working memory and reaction time as well 
as the effectiveness of cognition-enhancing drugs [23-28]. DMTS paradigms have 
been computer automated [21, 22], allowing for greater testing throughput, partic¬ 
ularly when the animals are tested in their home cages. The trade-off for the latter 
convenience is the potentially added distraction of other animals in the vicinity of 
testing, although the stress of chairing and isolating the subject is avoided. Computer 
automation also obviates potential experimenter bias that can be associated with 
face-to-face testing. 

A Computer-Automated Procedure 

A touch-sensitive screen (15-in. AccuTouch LCD Panelmount TouchMonitor) with 
pellet dispenser units (Med Associates) mounted in a lightweight aluminum chassis 
is attached to the home cage. The stimuli include red, blue, and yellow rectangles 
arranged so that the sample stimulus is presented above and to the center of the 
choice stimuli. A trial is initiated by presentation of a sample rectangle composed 
of one of the three colors. The sample rectangle remains in view until the monkey 
touches within its borders to initiate a preprogrammed delay (retention) interval. 
Following the delay interval, the two choice rectangles located below where the 
sample had been are presented. One of the two choice rectangles is presented with 
its color matching the stimulus color, whereas the other (incorrect) choice rectangle 
is presented as one of the two remaining colors. A correct (matching) choice is 
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reinforced (flavored food pellet dispensed). Nonmatching choices are neither rein¬ 
forced nor punished. The intertrial interval is 5 sec, and each session consists of 96 
trials. The presentation of stimulus color, choice colors, and choice position (left or 
right on the screen) is fully counterbalanced so as to relegate nonmatching strategies 
to chance levels of accuracy. Five different presentation sequences are rotated 
through each daily session to prevent the subjects from memorizing the first several 
trials. Delay intervals are established during numerous nondrug or vehicle sessions 
prior to initiating the study. The duration for each delay interval is adjusted for each 
subject until three levels of performance accuracy are approximated: zero delay 
interval (85 to 100% of trials answered correctly); short delay interval (75 to 84% 
correct); medium delay interval (65 to 74% correct); and long delay interval (55 to 
64% correct). The assignment of retention intervals based upon an individual’s 
baseline task accuracy is necessary to avoid ceiling effects in the most proficient 
animals during drug studies, while also serving to ensure that each animal begins 
testing at relatively the same level of task difficulty. In addition to session accuracy, 
two response latencies also are measured: the “sample latency,” which is the time 
between presentation of the stimulus rectangle and the animal touching within the 
sample rectangle, and the “choice latency,” which is the time between presentation 
of the choice stimuli and the animal touching within one of the choice rectangles. 

Another advantage of the computer-assisted DMTS task is the long-term stability 
of baseline performance, permitting longitudinal study designs in which the subject 
can serve as his own control, thus enhancing statistical power. Computer automation 
allows for the precise measurement of task latencies that can provide information 
with regard to the effect of treatments on psychomotor speed and motivation. Anal¬ 
ysis of choice preference can provide information related to compulsive behavior, 
i.e., perseveration, important for the detection of potential side effects associated 
with drug treatments. Most importantly, DMTS testing in macaques has proven to 
be a reliable preclinical method for predicting clinical effectiveness or clinical failure 
of novel cognition-enhancing drugs [29]. 

Seventeen Years of Testing Cognition-Enhancing Drugs 

Since our first report of the positive mnemonic action of nicotine in macaques in 
their performance of the DMTS task [30], we have had the great fortune to work in 
collaborative studies with our colleagues in the pharmaceutical industry (and through 
our own modest drug discovery program) in the evaluation of a wide variety of 
potential drugs for the treatment of the cognitive impairment associated with neu- 
rodegenerative diseases and other psychiatric conditions. Though some of these data 
continue to be proprietary, a comprehensive database has been established that has 
allowed us to address several questions regarding aging, cognition, and the effects 
of drugs on these factors. One aspect of this work that has been of greatest surprise 
is the diversity of neurotransmitter substances involved in cognition. This diversity 
could reflect the concept that memory is represented by several distinct processes, 
and that different types of memory are relegated to different (but sometimes over¬ 
lapping) brain regions. Even within working memory or episodic memory, there 
appear to exist separable and interacting components that may include acquisition 
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(attention), consolidation, and retention (short and long term) and, alternatively, 
encoding, retrieval, storage, and consolidation. Using adult and aged macaques 
trained to perform the DMTS task, we have noted acute efficacy in improving task 
accuracy by drugs whose primary target is acetylcholinesterase, subtypes of nicotinic 
and muscarinic acetylcholine receptors, a-adrenergic receptors, 5-HT 1A receptors 
(antagonist), 5HT 2A receptors (antagonist), 5-HT 3 receptors (antagonist), 5-HT 4 
receptors, glutamate AMPA (a-Amino-3-hydroxy-5-methylisoxazole-4-propionic 
acid) receptors, and angiotensin-1 receptors (antagonist). No particular pharmaco¬ 
logical target appears to stand out as to providing the greatest degree of improvement 
in task performance, and within a specific pharmacological class, there can be wide 
differences in efficacy among analogs (Figure 13.1). This is true even among the 
cholinesterase inhibitors, perhaps because even they have differing selectivity for 
their molecular targets, e.g., acetylcholinesterase versus butyrylcholinesterase [31]. 

Age-Related Differences in the Actions 
of Cognition-Enhancing Drugs 

One other surprising finding to evolve from these studies was the rather similar 
degree of effectiveness of many of the cognitive-enhancing drugs in both young and 
aged animals. Figure 13.1 indicates the relative effectives upon acute administration 
of several classes of potential memory-enhancing drugs in both young and aged 
monkeys. Though not every compound is represented in both age groups, it is clear 
that the maximal efficacy (about 18% trials correct) was attained in both. For two 
classes of drugs that we have studied more comprehensively than others, nicotinic 
receptor agonists and acetylcholinesterase inhibitors, we have made head-to-head 
comparisons of their effectiveness in the two age groups [32-35]. When these 
compounds were titrated in to maximal effects in the two age groups, rather similar 
increases in task accuracies were obtained. In our study with donepezil, aged mon¬ 
keys required higher doses than young animals to exhibit equivalent degrees of 
improvement in task performance [35]. One apparent exception was the AMPA 
modulator IDRA 21, which appeared to be more effective in young than in aged 
rhesus monkeys [36]. Perhaps one general point to take away from these still- 
premature observations is that it is unlikely that significant animal testing in the 
preclinical phase of drug discovery can be avoided, particularly when it comes to 
the effects of drugs on the central nervous system. The use of nonhuman primates 
in studies of cognitive pharmacology continues to provide a level of clinical pre¬ 
dictability difficult to obtain with other animal models. 

As discussed at the outset of this chapter, aged macaques are generally impaired 
cognitively with respect to their younger counterparts. In the context of cognitive 
pharmacology, it is important to note how these deficits are manifested. Under 
baseline conditions, aged monkeys require longer periods of DMTS training, and 
once they have established a stable baseline performance, their retention curves are 
composed of shorter delay intervals than for young subjects. That is, aged monkeys 
require shorter delay intervals (time between extinguishing the sample stimulus and 
the presentation of the choice stimuli) than young animals to achieve the same 
accuracy levels. 
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FIGURE 13.1 The increase in performance efficiency by young and aged (>19 yr) macaques 
well trained in the performance of the DMTS task initiated after the administration of potential 
memory-enhancing agents. Each data point indicates the increase in delayed matching-to- 
sample accuracy relative to baseline (vehicle) produced by the most effective dose of drug 
acting at the indicated drug target, and during the most improved delay interval. 

Another aspect of aging in primates is their susceptibility to distraction. Dis- 
tractor stimuli are presented in a nonpredictable manner to the test subject on 24 of 
the 96 trials completed during distractor DMTS sessions. The stimuli are initiated 
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1 sec into the delay interval and remain active for 3 sec. They consist of a random 
pattern of three colored rectangles (identical to the rectangles that served as sample 
and choice stimuli in the standard DMTS task) that are caused to flash in an 
alternating manner. The total duration of onset for a given colored rectangle is 0.33 
sec. Immediately as one colored rectangle is extinguished, a different colored rec¬ 
tangle is presented. Thus, during presentation of the distractor, each color is presented 
in random order three separate times. Distractor stimuli are present an equal number 
of times on trials with short, medium, and long delay intervals. The remaining trials 
are considered nondistractor trials, and the data for distractor and nondistractor trials 
can undergo separate statistical treatments. 

When a distractor 3 sec in duration is placed near the start of the delay interval 
(distractor stimuli placed near the end of the delay interval are not as effective), 
subsequent choice accuracy decreases considerably, often to near chance (50% 
correct) performance. The degree of distractor-induced decrement in task accuracy 
is dependent upon distractor duration. A distractor 1 sec in duration has virtually no 
effect on young monkeys but significantly impairs short-delay accuracy in aged 
monkeys [37]. Moreover, drugs that improve attention such as methylphenidate can 
reverse distractor-impaired accuracies in young monkeys but not in aged monkeys. 
In this laboratory, we routinely use young macaques for studies of drugs expected 
to reverse distractibility. Efficacy in this model has relevance to the treatment of 
attention-deficit disorders. However, the more difficult task of pharmacologically 
reversing distractibility in aged monkeys could partly explain the reduced potency 
of cognition-enhancing drugs in aged monkeys. Attention is an indispensable com¬ 
ponent of working memory, and it is conceivable that drugs capable of improving 
attention (in addition to the other components of memory) in aged or impaired 
subjects would enjoy greater effectiveness relative to those that act primarily on 
memory consolidation, retention, or recall. One other potentially interesting aspect 
of our work with the distractor-DMTS model is that it is not uncommon to find, for 
a particular compound, that the doses (or dose) that are optimal for improving 
accuracies during nondistractor trials are quite different from those that are optimal 
for reversing distractibility, even within the same session [38]. Thus dose sensitivity 
for one task does not always predict the same effectiveness in another, even closely 
related task. Again, this finding has implications for the design of clinical studies. 

COGNITIVE CHANGES WITH AGE 
IN MACAQUES AND MAN 

Macaque Data 

The decline in cognition and in memory ability with age is an unquestioned tenet 
of human biology. Yet it is equally clear that not all humans exhibit the same rate 
of cognitive decline. Our observations over the years have confirmed that this 
scenario is also true for macaques. It was of interest, therefore, to determine whether 
any of the components of the computer-assisted DMTS task were correlated with 
age in these animals. We are fortunate to have the records of representatives of nearly 
the entire lifespan of macaques that, either formerly or extant at our facility, have 
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TABLE 13.1 

Comparison of the Number of Delayed Matching-to-Sample 
(DMTS) Sessions Required for Training to a Long-Delay 
Retention Interval of 20 sec by Young and Aged Macaques 


Young Monkeys Aged Monkeys 



Mean 

S.E.M . 3 

Mean 

S.E.M . 3 

Age at 1st session (yr) b 

7.6 

0.75 

21.9® 

1.11 

No. trials to 20-sec-long delay interval 

207.4 

39.0 

488.8 C 

94.2 

Duration of delay interval 





Short delay (% trials correct) 

7.4 

0.42 

5.2 

0.30 

Medium delay (% trials correct) 

12.5 

0.42 

10.6 

0.37 

Long delay (% trials correct) 

20.0 

0.0 

20.0 

0.0 

N 

33 


21 



a Standard error of the mean. 

b The first session of DMTS acquisition began after achieving the criterion of at 
least 75% trials correct during 0-sec delay interval. 

c Statistical significance (p < 0.01) with respect to mean for young monkeys. 


contributed to a database repository. The database houses every trial of every session 
for each subject maintained at our facility beginning in 1990. 

As an initial approach to quantify the effect of age on task acquisition, animals 
were divided into two groups: those younger than 20 years old, and those 20 years 
and older. A total of 54 monkeys were included in this analysis. The number of trials 
to achieve a long delay (retention interval) of 20 sec was compared (Table 13.1). 
As a group, aged monkeys required more than twice the number of sessions to 
achieve this milestone as compared with the young cohort. An alternative means of 
assessing task acquisition is to note the duration of retention intervals after achieving 
a fixed number of sessions, in this case 100 sessions. Sixty-one monkeys were 
included in this analysis. Data are presented for the assigned delay intervals termed 
zero, short, medium, and long. The zero delay interval represents near simultaneous 
matching. Short, medium, and long delay intervals are individually adjusted to 
achieve the idealized retention curve, as discussed above. If aged animals show 
impairment in task acquisition, it follows that for a fixed number of sessions, their 
assigned delay intervals would be shorter in duration than those assigned to young 
subjects. As a group, this appeared to be the case, since assigned delay intervals 
were uniformly twice as long for young subjects as compared with aged subjects 
(Table 13.2). Even after 100 sessions of DMTS testing, aged subjects did not attain 
the idealized accuracy for each delay interval, although the younger cohort had. 
These group differences were reflected to some extent when the assigned delay 
interval was correlated with age (Figure 13.2). Though the relationships between 
the durations of each of the delay intervals and age were statistically significant, the 
slopes of the regression lines were not that impressive. The reason for the less than 
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TABLE 13.2 

Comparison of the Durations of the Assigned Delay Intervals (sec) and 
the Delayed Matching-to-Sample (DMTS) Task Accuracies (% C) Achieved 
after 100 Sessions by Young and Aged Macaques 


Duration of Delay Interval (sec) DMTS Task Accuracy (% C) a 



Age (yr) 

Short 

Medium Long 

Zero 

Short 

Medium 

Long 

No. 




Young Monkeys 






Mean 

9.8 

5.4 

9.0 14.2 

88.2 

75.5 

67.1 

60.0 

34 

S.E.M. b 

0.83 

1.07 

1.70 2.91 

1.78 

1.90 

1.45 

1.51 





Aged Monkeys 






Mean 

22.2 C 

2.9 C 

5.0 C 7.8 C 

77.8 C 

67.9 C 

60.9 C 

58.7 

27 

S.E.M. b 

0.36 

0.39 

0.69 1.25 

2.06 

1.94 

1.53 

1.83 



a The first session of DMTS acquisition began after achieving the criterion of at least 75% trials correct 
(% C) during 0-sec delay interval. 
b Standard error of the mean. 

c Statistical significance (p < 0.05) with respect to mean for young monkeys. 


perfect concordance between delay interval duration and age is perhaps better illustrated 
in the relationship between overall task accuracy and age (Figure 13.2). Again, 
though statistically significant, the slope of the regression line was not particularly 
impressive. The relationship was skewed by the presence of five or six aged indi¬ 
viduals that exhibited unusually high task accuracies, and by two or three young 
subjects that exhibited unusually low task accuracies. 

When aged subjects are well trained in the DMTS task, i.e., after they have 
completed at least 200 sessions, because their performance is normalized by adjust¬ 
ing the duration of the delay intervals, they exhibit virtually identical retention curves 
as the young monkeys. The normalization procedure therefore obscures the quite 
marked differences in starting baseline accuracies that would otherwise have 
occurred. This is important for drug studies, wherein it would difficult to see 
improvement in animals with high predrug task accuracies or decrements in accuracy 
produced by amnestic agents in animals with low predrug baselines. One final point 
of potential interest is that recently four of our rhesus monkeys who have been 
maintained at our institution for several years have become old enough to qualify 
as aged subjects (>19 years). Over the past few years during this transition, there 
was essentially no change in their DMTS performance in any of the task categories. 
This maintenance of task performance during the years of transition from young to 
aged by well-trained animals might not seem that surprising. But some consideration 
might also be given to the contention that has been put forth recently that cognitive 
training inhibits the onset or severity of mental components of neurodegenerative 
diseases in humans [39]. Our observation might prove to be a nonhuman primate 
analog of the human concept: use it, or lose it. 
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FIGURE 13.2 The delayed matching-to-sample (DMTS) performance by macaques during 
task acquisition plotted as a function of age. Task acquisition was initiated after each animal 
had reached the criterion of performing 0-sec delay trials with >75% correct accuracy. Each 
value represents the data obtained on the 100th DMTS session. Note that both aged (>19 yr) 
and young monkey groups included individuals that deviated from the general pattern that 
aged animals are impaired relative to their younger counterparts. (Filled circles indicate males; 
open circles indicate females.) 
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Human Data 

Without doubt, the closer the relationship or relevance between nonhuman and 
human testing instruments, the more effective the preclinical data will be in predict¬ 
ing clinical efficacy. As discussed above, many versions of delayed response or 
delayed matching tasks have been used to assess human working memory. However, 
until the DMTS task enjoys wide clinical use, it will be necessary to relate the data 
from these operant tasks in animals to the more common neuropsychological instru¬ 
ments in current use. We use a fixed battery of these standard instruments within 
our human Alzheimer’s research program. As with our nonhuman primate program, 
the human test findings also are maintained in a standard database. It was of interest, 
therefore, to compare the relationship between subject age and task performance as 
we had done for the nonhuman primate studies discussed above. To avoid the 
confound of disease, we retrieved only data derived from healthy elderly control 
subjects. 

Figure 13.3 presents the data obtained from 54 healthy adult and elderly partic¬ 
ipants ages 44 through 84 years. The scores derived from three separate test instru¬ 
ments are plotted as a function of age: 

1. Mini-Mental-State Examination (MMSE'): The most widely used measure 
of cognitive function. The MMSE has a maximum score of 30 points, 
assessing the subject in the domains of orientation to time and place, 
registration of three words, attention and calculation, recall of three words, 
language, and visual construction. 

2. Clinical Dementia Rating (CDR): Used as a global measure of dementia. 

3. Repeatable Battery for the Assessment of Neuropsychological Status 
(RBANS): Helps determine the neuropsychological status of adults aged 
20 to 89 years; used to detect and characterize dementia in the elderly. 

Included within the data set is the mean value for 42 participants with Alzheimer’s 
disease for comparison. Though the data do not represent the entire human life span, 
the relationship between age and cognitive status for the normal adults and the 
elderly is highly reminiscent of the DMTS task parameters by macaques as corre¬ 
lated with age. The similarities include the mostly statistically significant corre¬ 
lation values, although again the slopes of the regression lines were not that 
impressive. Indeed, the regression values were quite similar to those we obtained 
for the monkey data, i.e., r ~ 0.3. In fact, the RBANS scores, like the DMTS 
accuracy values in the monkey data set, show that the reason for the less than 
impressive regression slope is the presence of several elderly participants with 
particularly strong RBANS scores, as well as a few younger subjects with partic¬ 
ularly poor scores. Whereas it could be that other tests of working memory in 
nonhuman primates would provide similar performance vs. age relationships, it 
appears that the computer-assisted DMTS task provides a measure of cognitive 
proficiency in macaques that is analogous to standard neuropsychological evalu¬ 
ations in humans. 
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Age (y) 

FIGURE 13.3 The performance of three neuropsychological tests of memory and cognition 
by 54 healthy elderly human participants plotted as a function of age. MMSE (mini mental 
state exam); DRS (dementia rating scale); RBANS (repeatable battery for the assessment of 
neuropsychological status). The filled square in each graph indicates the mean value derived 
for each test by a cohort of 42 individuals with probable Alzheimer’s disease (AD). 
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FUTURE DIRECTIONS 

Thus far, the evaluation of novel memory-enhancing drugs in nonhuman primates 
in advance of clinical trials has been rather limited, usually relegated to dose- 
response analysis during acute administration regimens. Because computer automa¬ 
tion and home-cage monitoring have greatly improved testing efficiency in these 
animals (two technicians can test up to 50 animals per day by using 18 test panels 
operating from six work stations), preclinical studies can be performed in a timely 
manner, providing important information regarding potency, effectiveness, and 
potential side effects. With a large database of standard test compounds, new drugs 
can be compared to provide an even greater level of clinical predictability. One factor 
common for many drugs that improve cognition is the induction of a protracted 
degree of task improvement that occurs long after the compound has been metabo¬ 
lized or eliminated [40, 41]. This lack of pharmacokinetic-pharmacodynamic con¬ 
cordance can lead to inappropriate dosing regimens during clinical trials. Estimation 
of the true pharmacodynamic response to a new compound is a relatively simple 
matter during standard DMTS procedures in monkeys. Also, as nonhuman primate 
testing becomes a more common model for the preclinical evaluation of new cog¬ 
nition-enhancing drugs, additional information would be gained from the evaluation 
of chronic drug administration regimens. The data from such studies would be of 
enormous help in designing the expensive clinical trials that almost always require 
at least subacute dosing paradigms. Now that most patients with newly diagnosed 
Alzheimer’s disease are placed on one or more of the available treatment regimens, 
it will be difficult to recruit nontreated Alzheimer’s subjects for clinical trials. The 
testing of new compounds in individuals with Alzheimer’s disease might require 
patients to cross over from their current medication(s) to the novel regimen. There¬ 
fore, similar scenarios should be considered during preclinical testing situations, 
particularly in nonhuman primates. 

Computer-automated testing methods also can be applied to the preclinical 
evaluation of other classes of central nervous system-active drugs. Reversible phar¬ 
macological models that use the acute administration of amnestic agents such as 
scopolamine or psychotomimetic drugs such as ketamine or MK-801 can be used 
to evaluate novel compounds for cognition enhancement under impaired conditions. 
The use of psychotomimetic drugs could help in the study of novel structures that 
could improve the cognitive status of individuals with schizophrenia. The lack of 
effectiveness of new drugs recently developed for the treatment of stroke and other 
cerebrovascular insults to the brain has been partly attributed to lack of relevance 
of the rodent models of stroke to the human syndrome. New stroke models developed 
for nonhuman primates should prove more predictive for novel drug testing. 

In the recent past, nonhuman primate models for human diseases of the central 
nervous system have not been fully exploited as preclinical predictors for effective¬ 
ness and potential side effects. This has largely been a reflection of the cost, regu¬ 
latory concerns, expertise available, and most importantly, slow throughput. Now 
that most testing paradigms can be computer automated, and with the use of touch- 
sensitive video screens permitting tremendous flexibility, the issues pertaining to 
trained personnel and slow throughput can be minimized, if not eliminated. 
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INTRODUCTION 

Animal models of traumatically induced cognitive impairment are designed to repro¬ 
duce those features of human traumatic brain injury (TBI) that result in long-term 
cognitive impairment and disability. The sequelae of behavioral impairments asso¬ 
ciated with human TBI include disruption along nearly every level of information 
processing. However, the most severely affected cognitive domains are memory and 
information-processing speed and efficiency. 1 Both retrograde and anterograde mem¬ 
ory deficits are common following TBI. Memory function seems to be particularly 
vulnerable to head injury, and Levin and coworkers 2 suggest that long-term memory 
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processes are disproportionately affected compared with other areas of cognitive 
functioning following TBI. 

Animal Models of Traumatic Brain Injury 

Experimental models of TBI have been developed to reproduce those aspects of TBI 
seen in the clinical setting. Although many different models of TBI have been 
developed and are in use today, this chapter focuses on three specific models: fluid 
percussion, weight drop/impact acceleration, and cortical impact. A review of the 
techniques and characteristics specific to each model follows. 

Fluid Percussion 

The rodent fluid percussion (FP) model of brain injury is the most commonly used 
model in brain injury research today. This injury model has been reproduced in 
several species, including cat, dog, mouse, rabbit, sheep, and swine. Injury is either 
applied centrally (CFP), over the sagittal suture midway between bregma and 
lambda, or laterally (LFP), over the parietal cortex. A brief fluid pressure pulse 
applied to the intact dural surface through a craniotomy produces brief displacement 
and deformation of neural tissue. By altering the magnitude of fluid pressure applied 
to the brain, a graded range of neurological, histopathological, and cognitive deficits 
have been reliably reproduced. 3 Traumatic pathology including hemorrhage, cavita¬ 
tion, vascular disruption, 4 alterations in metabolism, changes in ionic homeostasis 
and blood flow, 5 traumatic axonal injury leading to axonal swelling and disconnec¬ 
tion, 6-8 and cell death have been reported following FP injury. 9,10 Deficits in spatial 
memory, working memory, and neurological motor function are common following 
FP injury, with spatial memory deficits persisting for as long as one year following 
injury. 11 The hippocampus, a structure important in learning and memory processes, 
is particularly vulnerable to FP injury. A number of hippocampus-dependent memory 
tasks are disrupted following CFP injury in rats. 12 However, Lyeth and coworkers 13 
demonstrated that memory impairment may exist in the absence of hippocampal cell 
death following CFP injury. This suggests that memory impairment may be due not 
only to cell death, but also to a disruption of normal neuronal functioning, especially 
within the hippocampus. 

Weight Drop/Impact Acceleration 

Weight-drop injury models produce diffuse brain injury utilizing a simple device 
characterized by a free-falling weight through a Plexiglas tube, with varying weights 
and heights. 14 To prevent skull fractures, a small stainless steel helmet-disk is placed 
on the rodent skull while the animal is supported by the foam bed. Weight-drop 
injury induces blood-brain barrier disruption, edema formation, and hypertension. 
This injury model also produces widespread neuronal injury, axonal disruption, and 
micro vasculature pathology. 15 Injury to the neurons mostly occurs bilaterally in the 
cerebral cortex as well as in the brainstem. In addition, weight-drop injury produces 
diffuse axonal injury that occurs secondary to trauma and is often observed in the 
clinical situation. This makes weight-drop injury an appropriate tool in studying 
neuronal, axonal, and vascular changes in the experimental setting. 
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Closed Cortical Impact 

A major difference of closed cortical impact (CCI) from the previous two injury 
models is in the pneumatically driven controlled-impact device compared with the 
free-falling weight in the weight-drop models. 16 The advantage of the controlled 
injury allows for manipulation of variables such as duration, velocity, and depth of 
the impact. As well, a possible secondary hit or rebound of the free-falling weight 
is impossible, unlike in the weight-drop models. Similar to other TBI models, CCI 
produces edema, changes in the cerebral microvasculature, neuronal damage, and 
axonal damage ultimately leading to traumatic axonal injury. 17 Controlled cortical- 
impact injury also produces significant neurobehavioral deficits. Spatial memory 
impairments in rats tested in the Morris water maze (MWM) were observed up to 
34 days postinjury. 18 More recently, Dixon and coworkers 19 report that spatial mem¬ 
ory performance in the MWM may persist for up to one year following CCI injury. 
Motor deficits as well as learning and memory deficits postCCI were also observed 
in mice. 20 ’ 21 Such neurobehavioral impairment is analogous to human TBI, which 
makes CCI a useful technique in trauma research, especially if precise control of 
contact velocity and brain deformation is necessary in the experimental procedure. 

Information Processing: A Brief Overview 

Although numerous experiments have demonstrated that experimental TBI produces 
memory deficits similar to those seen in humans, few researchers have addressed 
how TBI disrupts the flow of information through the brain. For example, is the 
disruption of memory processes following TBI due to a failure to store information 
in the brain, or a failure to retrieve information in storage? To address such questions, 
a basic understanding of contemporary information-processing theory is helpful. 
The most widely accepted information-processing theory is based on the model of 
Atkinson and Shriffin, 22 also known as stage theory. Information from the environ¬ 
ment is processed in three stages: sensory memory, short-term or working memory, 
and long-term memory. Sensory memory processes are short-lived and involve the 
process of signal transduction. Very little information from sensory memory would 
pass to the next stage without the help of attentional processing, which aids in the 
creation of short-term or working memories. If information in working memory is 
thoroughly processed, it will be encoded in long-term memory. Long-term memories 
are then available for retrieval, leading to behavioral responses. Hypothetically, TBI 
could disrupt information processing at any of the stages in this model. Retrograde 
memory impairments could involve the inability to retrieve information already in 
storage or a failure of storage/consolidation, while anterograde memory impairments 
may involve a disruption in any of the stages of information processing. 

MEMORY IMPAIRMENT AFTER TBI 

Retrograde Amnesia 

Trauma-induced retrograde amnesia (RA) is a common consequence of brain injury. 
People who experience a head injury typically forget things that occurred from 
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several minutes to years prior to the injury. 23-25 In one of the first experiments to 
investigate the cognitive consequences of TBI in animals, Ommaya and coworkers 26 
tested animals for retention of a passive-avoidance task after TBI. In this study, rats 
received an escapable foot shock when they entered a black compartment. When 
the animal escaped to the white (nonshocked) compartment, it was removed and 
TBI was administered. When the rats were returned to the white (nonshocked) 
compartment, the latency to enter the black (previously shocked) compartment was 
recorded. Long latencies to enter the black compartment indicate good retention of 
the task. On the other hand, short latencies represent a retention deficit (i.e., amnesia). 
Results indicated that the step-through latency of the injured rats was significantly 
shorter than uninjured controls. The impairment of retention of a task learned prior 
to injury confirms that TBI does produce RA, as is observed in cases of human brain 
injury. 

Zhou and Riccio 27 conducted a series of experiments to characterize the RA 
produced by TBI. In the first experiment, they also observed a trauma-induced 
retention deficit of a passive-avoidance (PA) task following a weight-drop model of 
TBI, replicating the findings of Ommaya and coworkers. 26 In the second experiment, 
they investigated the temporal gradient of TBI-induced RA. Other experimental 
treatments that produced RA 28 (e.g., electroconvulsive shock [ECS]) produce a time- 
dependent amnesia). That is, retention performance increases directly with the inter¬ 
val between learning and the amnesic treatment, with events close to the injury being 
most vulnerable to amnesia. In their study, the interval between PA training and TBI 
was varied from 1 min, 30 min, 6 h, 24 h, 3 days, and 5 days. Results indicated that 
TBI within 6 h of training produced a profound amnesia. Training-TBI intervals of 
24 h and 3 days yielded less severe deficits, and normal retention was observed with 
a 5-day delay between training and TBI. This temporally graded RA is also observed 
in human TBI. 

The last experiment conducted by Zhou and Riccio 27 investigated the underlying 
mechanism responsible for the RA produced by TBI. In TBI patients, Benson and 
Geschwind 29 proposed that RA was the result of a retrieval deficit and not the result 
of a storage or consolidation failure. Previous research has demonstrated that many 
forms of experimentally induced RA are the result of a retrieval failure, since giving 
the subjects an appropriate cue prior to retention testing can reduce the retention 
deficit. For example, Miller and Springer 30 found that giving the subject a noncon¬ 
tingent foot shock prior to retention testing could alleviate ECS-induced RA. The 
effectiveness of reminder treatments has been observed with a variety of amnesic 
treatments. These findings support the hypothesis that the RA produced by TBI may 
be the result of a retrieval deficit rather than impairment of consolidation or storage. 
To test the role of a retrieval deficit, three conditions were tested. The first condition 
was the typical training-TBI sequence with retention testing 3 days after TBI. The 
second condition investigated was the same as the first with the addition of a 
noncontingent foot shock administered in a different apparatus 2 min before retention 
testing (remainder treatment). The last condition was a control condition that 
received electric shock in novel environments (to control for any nonassociative 
effects of the foot shocks). The second condition produced the typical trauma-induced 
RA effect. However, the reminder foot-shock condition completely eliminated the RA 



Cognitive Impairment following Traumatic Brain Injury 


305 


usually seen following TBI. These findings suggest that a pretest reminder cue 
improved retention by facilitating the retrieval of the prior learning. 

Using the LFP model, Smith and colleagues 31 investigated the effect of TBI on 
the retention of a previously learned Morris water maze (MWM) task. Rats were 
trained prior to injury and then tested for retention 42 h after LFP injury. A significant 
disruption in maze performance was observed, and the degree of the deficit was 
related to the severity of the injury. In another study following a similar procedure, 
Smith et al. 32 observed that a reduction in hippocampal dentate hilar neurons was 
related to the severity of the RA observed 2 weeks following injury. However, the 
cue-induced alleviation of RA found by Zhou and Riccio 27 suggests that neuronal 
cell loss and loss of memory storage may not be a necessary prerequisite for TBI- 
induced RA. 

Using an operant testing procedure to investigate cognitive function after TBI, 
Gorman et al. 33 trained rats to press a bar for food. The front panel of the operant 
chamber box (Skinner box) had an opening for the delivery of food rewards, two 
retractable response levers (one on the right and one on the left) that the animal 
could press to receive food, and stimulus lights (one over each response lever). To 
examine performance on a visual discrimination task, the light over a particular lever 
was illuminated. If the animal pressed that lever, food was delivered (a response on 
the nonilluminated lever turned the light out and no food was delivered). After 
animals had learned this task (pressing only the illuminated lever), they were sub¬ 
jected to a brain injury. Following the injury, animals were tested again. Testing 
began 1 to 2 min after injury and continued for five additional days. Results revealed 
a transitory reduction in the percentage of correct lever presses in the first test session 
that rapidly disappeared on subsequent test sessions. The results of this experiment 
found that brain injury did not produce a long-lasting RA of this relatively simple 
task. 

TBI reliably produces an RA effect that is temporally graded. While it is difficult 
to make generalizations because of differences in injury model and severity, it 
appears that the duration of RA following TBI may be related to difficulty of task 
to be remembered. Simple or overtrained tasks may produce a transitory RA (i.e., 
1-day deficit on a visual operant task and several days on a passive-avoidance task). 
More complex tasks (such as the MWM) may produce a more enduring deficit. 

The cognitive processes that account for RA after brain injury are a matter of 
speculation. One could propose that the memory attributes of the learning situation 
are stored almost immediately, but an elaboration process may continue for an 
extended period of time and produce a postacquisition state-dependent retention 
effect. Under these conditions, successful retrieval of a memory episode is a function 
of the similarity between the encoding context and the retrieval context. Thus, if 
animals are trained prior to TBI, encoding takes place in a “normal” neuronal context. 
When animals are tested for retention after TBI, numerous pathological changes 
produced by TBI provide the context under which retrieval is tested. If retention is 
tested soon after injury, the difference between the “normal” neuronal-encoding 
context may be very different from the neuronal-retrieval context that exists soon 
after injury. As postinjury interval increases, the neuronal-retrieval context becomes 
more similar to the “normal” encoding context, and retention performance improves. 
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This state-dependent type of explanation for RA may account for the temporal 
gradient of RA observed following TBI. Similarly, the effectiveness of retrieval cues 
in eliminating the TBI-induced RA also may be explained by a state-dependent 
learning. As indicated previously, the successful retrieval of a memory is a function 
of the similarity between the encoding and retrieval environments. Providing a cue 
prior to retention testing may reactivate the memory representation produced in 
acquisition of the memory and thus facilitate retention performance. 

Working Memory 

Lyeth and associates 13 evaluated working-memory function after CFP injury with 
the radial arm maze (RAM) test. The RAM typically has eight arms that radiate 
from a central start platform. Each arm ends with a goal box. To investigate working 
memory, six of the eight arms were baited with food. A hungry rat is placed in the 
central start area and allowed to freely enter any of the arms of the maze and eat 
the food in the goal box. A trial continues until the rat has entered all the baited 
arms. The measure of the animal’s working-memory function is how many correct 
choices it makes (i.e., not reentering arms that it has already visited). Prior to TBI, 
rats were trained until they made very few working-memory errors. After reaching 
criterion, animals were subjected to a mild or moderate level of CFP injury. Testing 
after injury found that magnitude and duration of the deficits in working memory 
were related to the severity of injury. In the mild-injury condition, working memory 
returned to normal after 10 days. In the moderate-injury condition, the impairment 
of working memory was more robust and more enduring. 

Working-memory function has also been examined after injury using an operant 
procedure, as described by Gorman et al. 33 On this task, one lever was presented to 
the rat. After the animal pressed the lever, the lever was retracted. After a variable 
delay (2 to 12 sec), both levers were presented. To receive a food reward, the animal 
was required to press the same lever that it pressed prior to the delay (in other words, 
the animal had to remember which lever it had pressed previously). Following 
acquisition of this task, animals were injured using CFP. Injured animals demon¬ 
strated a retention deficit on the 2- and 4-sec delays only on the first test session. 
No significant effects were observed with the 8-sec delay. However, as the delay 
increased to 12 sec, brain-injured animals performed poorly for 5 days after TBI. 
Thus, as the delay increased, the magnitude and duration of the working-memory 
deficit increased. 

Working memory has also been studied using a modification of the MWM 
procedure. 34 This study was designed to examine working memory following CFP- 
induced TBI. Rats were injured at a moderate level of injury or received a sham 
injury. On days 11 to 15 postinjury, working memory was assessed. Each animal 
received eight pairs of trials per day. For each pair of trials, animals were randomly 
assigned to one of four possible starting points and one of four possible escape- 
platform positions. On the first trial of each pair (the information trial), rats were 
placed in the maze and given 120 sec to locate the hidden escape platform. After 
remaining on the goal platform for 10 sec, they were placed back into the maze for 
the second trial of the pair (test trial). The platform position and the start position 
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remained unchanged on this trial. After the second trial, the animal was given a 4- 
min intertrial rest. Between pairs of trials, both the start position and the goal location 
were changed. Analysis of the latency to reach the goal platform indicated that the 
sham-injured animals performed significantly better on the second trial than on the 
first trial of each pair. However, injured animals did not significantly differ between 
first and second trial goal latencies on any day. In a similar study, Kline and 
coworkers 35 described working-memory deficits in an identical MWM task following 
CCI injury. These results indicate that injured animals have a profound and enduring 
deficit in spatial working-memory function on days 11 to 15 after TBI. 

Anterograde Amnesia 

Experimental TBI in rodents produces anterograde memory deficits similar to those 
seen in human head injury. While retrograde memory tasks are designed to assess 
performance of a task learned prior to traumatic insult, anterograde memory tasks 
are designed to assess performance on a previously unlearned task. In terms of the 
information-processing model discussed above, anterograde memory deficits may 
be caused by any of the stages of information processing. 

The MWM has been used extensively to assess anterograde memory deficits 
following both FP- and CCI-type injuries. Hamm and coworkers 18 used a CCI model 
of TBI to produce a moderate level (1.5- to 2.0-mm deformation) of injury in rats. 
Following injury, animals received motor-function assessment on the beam balance 
and beam walk tasks. This was done to ensure that cognitive assessment in the 
MWM was not confounded by motor deficits in the injured animals. Animals then 
received cognitive assessment in the MWM on postinjury days 11 to 15 and 30 to 
34. CCI injury produced a significant disruption in maze performance at both time 
points. Cognitive impairment in injured animals was evidenced not only by increased 
goal latencies, but also by their search patterns during trials. Typically, uninjured 
control animals will swim in the center of the maze to find the hidden platform. 
CCI-injured animals, however, spent most of their time swimming around the perim¬ 
eter of the maze. This suggests that injured animals failed to learn the spatial location 
of the hidden platform in relation to extramaze cues. Since the MWM task is 
particularly sensitive to hippocampal dysfunction, 36 the results from this experiment 
suggest that the hippocampus is sensitive to CCI injury. In another study, Scheff and 
coworkers 37 demonstrated that lateral CCI injury produces anterograde memory 
deficits in the MWM for 14 days postinjury. Animals were injured at either a mild 
(1-mm deformation) or moderate (2 mm) level of lateral CCI injury. In this exper¬ 
iment, animals received MWM assessment on either day 7 or 14 following injury, 
with all trials being completed in a single day. Injured animals had significantly 
increased escape latencies and spent less time in the target quadrant than sham- 
injured animals. Moreover, the anterograde memory impairment produced by this 
model appears to be dependent on the severity of injury. Moderately injured animals 
performed significantly worse than mildly injured animals, with both groups per¬ 
forming significantly worse than the control group. 

Hamm and coworkers 12 provide further evidence that the anterograde memory 
deficits observed following experimental TBI are not the result of a generalized 
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deficit in learning and memory ability, but rather are due to selective damage to the 
hippocampus. In this study, rats were injured at a moderate level (2.1 atm) of CFP 
injury or surgically prepared but not injured. Following CFP or sham injury, cognitive 
performance was evaluated using three tasks: passive avoidance, a constant-start 
version of the MWM, and a variable-start MWM task. In the constant-start version 
of the MWM, the animal’s start location in the maze remains the same across all 
trials and all days. Previous research has demonstrated that the variable-start version 
of the MWM task is disrupted by damage to the hippocampus, 36 38 ’ 39 while both the 
passive-avoidance and constant-start MWM tasks do not depend on hippocampal 
processing. On day 9 postinjury, all animals received training on a single-trial 
passive-avoidance task. Retention of this task was tested 24 h later. Animals then 
received training in either a constant-start or variable-start version of the MWM on 
postinjury days 11 to 15. In accordance with the hypothesis that TBI would selec¬ 
tively impair performance on tasks that are hippocampally dependent, injured ani¬ 
mals displayed a significant deficit in the variable-start version of the MWM but 
showed no impairment in the passive-avoidance and constant-start MWM tasks. 

Anterograde memory deficits have also been reported in weight-drop and impact- 
acceleration models of brain injury. Isaksson and coworkers 40 report spatial learning 
deficits following severe weight-drop brain injury in rats. Following severe injury, 
animals had significantly increased escape latencies in the MWM on postinjury days 
10 to 13 compared with sham-injury animals. Schmidt and coworkers 41 examined 
the effects of moderate and severe impact-acceleration injury on MWM performance 
in rats. Injury was delivered using a 500-g, 2.1-m weight drop, and animals were 
divided into moderate or severe injury based on righting times. MWM performance 
was assessed on days 5 to 7 postinjury. Severity of injury was strongly correlated 
with spatial learning and memory impairments 1 week postinjury. However, this 
impairment resolved within 3 to 5 weeks postinjury. Interestingly, weight-drop 
models of minimal traumatic brain injury produced long-term cognitive impairment 
similar to that seen in severe weight-drop brain injury. 42 In this study, mice were 
administered a noninvasive, closed-head weight-drop injury of 20, 25, or 30 g and 
then tested in the MWM 7, 30, 60, and 90 days postinjury. Escape latencies of 
control mice improved by up to 450%, while injured mice could only improve their 
scores by 50%. Importantly, the cognitive deficits in injured mice occurred in absence 
of any neurological impairment or anatomical damage to the brain. 

Similar findings have been reported in mouse models of repeated mild brain 
injury (RMI). RMI models are designed to mimic the repeated head injuries often 
seen in sports such as soccer or football. Deford and coworkers 43 examined the 
effects of RMI in B6C3F1 mice. Using a noninvasive weight-drop model, masses 
of 50, 100, and 150 g were dropped from 40 cm to produce injury. Four injuries 
were administered 24 h apart. Cognitive performance was then evaluated in the 
MWM on days 7 to 11 postinjury. Mice injured with 100- and 150-g masses had 
significantly increased escape latencies in the MWM compared with sham-injury 
animals and those injured with a 50-g mass. Additionally, mice injured with a single 
mild injury (SMI) of 150 g did not exhibit cognitive impairment in the MWM. As 
with previously described studies, the cognitive deficits produced by RMI were 
observed in the absence of overt cell death. Creeley and coworkers 44 have also 
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reported MWM deficits in mice following weight-drop RMI. However, in this study, 
behavioral impairment was observed in conjunction with a contra-coup injury involv¬ 
ing ventral brain structures close to the skull. 

Anterograde memory deficits following experimental TBI are common. How¬ 
ever, the cognitive basis of anterograde memory impairment is still unknown. In 
terms of information processing, anterograde memory deficits involve a disruption 
in the attending to, encoding of, storage, or retrieval of information. However, when 
injured rats enter a water maze with a visible platform, deficits in escape latencies 
compared with shams disappear. This suggests that injured animals do not suffer 
deficits in sensory-attentional processing. Moreover, experimental evidence indicates 
that the hippocampus is selectively vulnerable to TBI. This brain region is especially 
important in memory processes and is likely involved in the encoding and storage 
of memories, suggesting that memory impairment is due to a failure to encode or 
store relevant information about the environment. Further progress in understanding 
the cognitive basis of anterograde memory impairment after TBI will depend on the 
development and application of more-sensitive behavioral outcome measures fol¬ 
lowing TBI. 

Age Effects on Memory Impairment after TBI 

Age is an important predictor of outcome following TBI. Animal models of TBI 
have demonstrated that both cognitive and motor deficits following injury increase 
with age. Hamm and coworkers 45 examined the effects of a low level (1.7 to 1.8 
atm) of CFP injury in both aged (20 months) and young (3 months) rats. Following 
injury, motor function was assessed on days 1 to 5 postinjury. MWM performance 
was then assessed on days 11 to 15 after injury. While this magnitude of injury 
failed to produce motor deficits in 3-month-old rats, the aged rats exhibited signif¬ 
icant motor deficits on the beam balance and beam walking tasks. Compared with 
young animals, aged rats exhibited increased cognitive deficits in the MWM as well. 
One study used impact acceleration to produce injury in both aged (20 to 23 months) 
and young (2 to 3 months) rats. 46 Following injury, aged rats had significantly 
impaired MWM performance compared with young rats up to 5 weeks following 
injury. Although some improvement was noted in aged injured rats from weeks 3 
to 5, their performance was still significantly worse than young injured rats during 
the same period. These results indicate that both FP and impact-acceleration injury 
produce age-dependent cognitive deficits in rats. 

TBI is the leading cause of injury-related deaths in children under age 15. Thus, 
it is important to develop experimental models of pediatric brain injury that address 
the concerns unique to TBI in children. Adelson and coworkers 47 have examined the 
effect of severe closed-head weight-drop injury in immature (postnatal 17 days) 
Sprague Dawley rats. Animals were administered injury with either a 100-g (severe) 
or 150-g (ultrasevere) mass from 2 m. Motor function was measured daily on beam 
balance, grip test, and inclined plane, and cognitive assessment was performed in 
the MWM on postinjury days 11 to 22. On the beam balance and inclined plane, 
motor deficits were evident in the severely injured rats that persisted for 4 days after 
injury. The ultraseverely injured group exhibited profound motor deficits compared 
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with both shams and severely injured animals that persisted for up to 10 days after 
injury. Cognitive assessment indicated that only ultraseverely injured animals dis¬ 
played MWM deficits for up to 22 days following injury. To further investigate the 
long-term cognitive deficits produced by the ultrasevere injury, Adelson et al. 48 
conducted another study in which MWM performance was assessed in injured rats 
for 3 months postinjury. PI7 rats injured with a 150-g mass from 2 m displayed 
significantly increased escape latencies in the MWM for 3 months following injury. 
Moreover, this injury level in P17 rats resulted in significantly lower body and brain 
weight gain in the immature rats as measured at 3 months postinjury. Motor deficits 
were similar to those reported in the previous study. 

These studies suggest that severe weight-drop brain injury is capable of produc¬ 
ing long-term cognitive impairment in immature rats that is associated with a reduc¬ 
tion in body and brain weight gain compared with sham-injured animals. The effects 
of CFP injury, unilateral entorhinal cortex lesion (UEC), or CFP combined with 
UEC have also been examined in juvenile (P28) rats. 49 While neither CFP nor UEC 
alone produced cognitive impairment in the MWM task, the combined injury method 
produced significant MWM deficits in P28 rats. Taken together, the findings from 
these studies indicate that experimental models of TBI produce reversible motor 
deficits and persistent cognitive deficits in immature rats. While juvenile rats appear 
to be somewhat more resistant to long-term cognitive impairment than adult animals, 
further investigation is needed to address those aspects of TBI that are unique in 
developing animals. 

The effect of age on cognitive outcome following experimental TBI is similar 
to that reported in the clinical setting. Numerous studies have shown that increasing 
age is an important predictor of morbidity and mortality in human TBI. Vollmer and 
coworkers 50 examined the outcome data for 661 TBI patients aged 15 and older at 
the time of injury. Based on multivariate analysis of factors such as age, severity of 
injury, prior systemic disease, and injury mechanism, age could not be ruled out as 
an independent predictor of poor outcome following injury. This suggests that poor 
outcome in older TBI patients may be due to the brain’s impaired ability to respond 
to traumatic insult as age increases. While many studies have confirmed these 
findings in adult patients, Leurssen and coworkers 51 report that outcome following 
TBI in the pediatric population actually improves with increasing age, with the best 
outcome in children of ages 12 to 15. In the pediatric TBI population then, very 
young children may suffer the worst outcome. These results indicate that the effect 
of age on outcome following human TBI produces a U-shaped function, with the 
worst outcome in the youngest and oldest patients. 

Comparing Experimental Models 

The cognitive impairment produced by experimental TBI is dependent on many 
factors, including severity of injury, the age of the experimental animals, and the 
injury model used. Hallam and coworkers 52 compared the behavioral deficits induced 
by both LFP and weight-drop brain injuries. In this study, LFP injury resulted in 
significant memory impairments in both the MWM and RAM tasks. However, 
weight-drop injury did not produce deficits on the two tasks. Research has also 
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demonstrated that minor changes in methodology may produce differential effects 
on cognitive outcome in a single-injury model. For example, one study demonstrated 
that craniotomy position affects both MWM performance and hippocampal cell loss 
following LFP injury in rats. 53 LFP injury was delivered through craniotomies at 
four locations: rostral, caudal, medial, and lateral. Injury at the medial and caudal 
craniotomies produced significantly greater impairments in the MWM compared 
with the lateral and rostral injuries. Injuries at the caudal, medial, and lateral locations 
produced both cortical damage and significant cell loss in areas CA2 and CA3 
ipsilateral to the injury, while the rostral injury produced cortical damage but little 
hippocampal damage. The importance of craniotomy position has also been reported 
by Vink and coworkers. 54 In this study, magnetic resonance imaging (MRI) was used 
to detect lesion development following moderate LFP injury in rats. With the cran¬ 
iotomy placed adjacent to the sagittal suture, both ipsilateral and contralateral lesion 
development was observed. Ipsilateral lesion development and cortical damage 
increased as the craniotomy site was shifted laterally away from the sagittal suture. 
Contralateral lesion development could be detected until the center of the craniotomy 
was more than 3.5 mm from the sagittal suture; beyond this point, MRI detected no 
contralateral damage. These studies indicate that different injury models, or even 
minor changes in methodology in a single model, may result in differential cognitive 
impairment and histological outcome following experimental TBI. Addressing fac¬ 
tors such as these becomes especially important when studies are designed to under¬ 
stand injury pathology or test therapeutic treatments. 

CONCLUSION 

The cognitive processes that result in memory impairment following TBI are not 
fully understood. While numerous studies have demonstrated that TBI induces both 
retrograde and anterograde memory deficits in experimental animals, few have 
questioned the cognitive basis of these deficits. It is uncertain what types of learning 
or memory are affected following TBI, and many cognitive tasks, including the 
MWM, involve more than one type of learning or memory. It is also unclear which 
anatomical structures are responsible for the observed deficits. Although certain 
brain regions appear to be especially vulnerable to traumatic injury, no single brain 
region is responsible for the cognitive dysfunction observed following trauma. Fur¬ 
thermore, the role of anatomical damage in mediating cognitive dysfunction follow¬ 
ing injury is controversial. While many studies correlate behavioral impairment with 
anatomical markers of injury such as cell death or degeneration, many studies have 
reported long-term cognitive impairment in the absence of overt anatomical damage. 
Although cell death and other anatomical damage are likely sufficient to produce 
some types of cognitive impairment, a number of studies have demonstrated that 
such damage is not necessary to produce cognitive deficits after TBI. 

Experimental models of TBI have successfully reproduced the cognitive deficits 
observed in cases of human traumatic brain injury, which makes them ideal for 
studying pathological mechanisms of injury or potential therapeutic treatments. 
However, factors such as age, severity of injury, and injury model may affect both 
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pathological and cognitive outcomes following TBI. Even slight differences in meth¬ 
odology can produce differential outcomes in a single model. It is therefore important 
to address the methodological factors that result in differential cognitive impairment 
following experimental TBI. Lastly, to better understand the cognitive processes that 
mediate memory impairment following TBI, it is important to apply a variety of 
behavioral outcome measures that are sensitive to multiple types of memory dys¬ 
function. 
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FISH MODELS 

The causes of illness are many and problematic. Our first line of investigation is 
descriptive — the generally straightforward problem of discovering a reliable syndrome. 
The second step is generally epidemiological — discovering the environmental or 
genetic factors that comprise the disease mechanism. Cholera, lead poisoning, hypothy¬ 
roidism, and Huntington’s chorea are familiar examples of this two-step process. 

Our ability to identify disease sources includes the number of causal variables 
that sum to produce an effect, the probability that they produce an effect, and the 
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immediacy of their effects. Thus, it was easy to discover the toxic effects of lead 
but more difficult to understand the link between iodine deficiency and thyroid 
function. Among the most intractable disorders are those like schizophrenia and atten¬ 
tion-deficit disorder, in which the syndrome also includes a loosely defined and often¬ 
times subtle cognitive impairment. These more difficult cases benefit greatly from 
animal models that can open doors to theoretical and applied investigations. 

Animal modeling hastens the rate of discovery to the extent that it simplifies a 
problem and accelerates the search for critical causal variables. 1 The simplification 
arises from the improved control over critical dependent variables; the rate of 
discovery improves because variables can be screened more rapidly, thereby address¬ 
ing the ever-present problem of experimental throughput. Both of these can be 
significant obstacles in the case of human cognitive impairments, which can be both 
subtle and may only appear once an individual reaches adulthood. 

But the use of animal models is not without problems. The accuracy of a model 
— its external validity — depends on the match between the model and target brain- 
behavior processes. By definition, however, we develop a model because of our 
failure to understand the target process, a classical “bootstrapping” problem. How 
do we overcome this seemingly intractable predicament? The answer must be that 
we approach modeling by approximation. We first look for a fair match between the 
behavior of our model and the target and then balance that concern with others such 
as economics, throughput, and so forth. In this sense, our animal model is a product 
of expedience, but more importantly, it is a classical, testable “theory,” one that we 
can support or refute by experimental trial. 

The choice of model species is always justified in terms of its external validity. 
In the case of a cognitive impairment, we must also seek validity in the behavioral 
assay we employ. Classic animal models of cognitive impairment use rodent species 
in tests of learning, memory, and attention. Their justification is based on both the 
similarity of brain abnormality and the corresponding behavioral impairment. For 
example, research on Alzheimer’s disease is supported by a mouse model that shows 
brain plaques with impaired spatial learning and memory 2-5 ; rats with ventral hip¬ 
pocampal damage have been used as models of attentional disorders in schizophrenia 6 ; 
and nonhuman primates have been used to model working-memory problems in 
schizophrenia. 7 Clearly, nonhuman primates offer much closer homologies to human 
neural and behavioral function, as described in Chapter 13 of this book. 8 

Mammalian models of cognitive impairment are now complemented by non¬ 
mammalian vertebrates and invertebrates — fish, flies, and worms — that are the 
subject of this chapter. It has become customary to think of these species as “alter¬ 
native models,” but the term “complementary model” is used instead because it 
better describes the use of these models. They do not replace the classical rodent 
and primate models, which remain quite valuable. Rather they complement them, 
offering some unique advantages but also drawbacks that justify the continued use 
of the classic models. Their validity can be high when questions are clearly delimited, 
for example, when the problem is to understand the impact of a particular gene, 
drug, or toxicant. 9-13 This chapter reviews work with zebrafish (.Danio rerio ), goldfish 
(Carassius auratus), fruit flies (Drosophila melanogaster ), and nematodes 
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(Caenorhabditis elegans ), with an emphasis on their contribution to the understand¬ 
ing of mechanisms of cognitive impairment. 

Despite the obvious anatomical adaptations to their aquatic habitat, fish show 
just about all of the behavior seen in terrestrial species in some form or other, and 
even have special adaptations of their own. In addition to the five senses found in 
mammals, their lateral-line organ allows them to “see” the location, size, and features 
of submerged objects; and many fish generate and detect weak electrical currents, 
a sense that they use to detect predators and prey. 14 Although fish species differ 
dramatically in social behavior, there are some examples that show monogamous 
mating for life, e.g., angelfish, 15 which show individual recognition by sight or odor, 16 
social learning, 17 complex mate-selection strategies, 18 ritualized aggression, 19 and 
communication of danger. 20 ’ 21 In terms of adaptive behavior and learning, fish show 
advanced abilities for spatial navigation, 22 nonassociative learning such as habitua¬ 
tion, 2324 precise timing abilities, 25-27 and Pavlovian conditioning of a variety of 
adaptive behaviors, 28 including operant behavior motivated by aversive stimuli such 
as shuttle-box behavior, 29 negatively reinforced avoidance, 30 and positively rein¬ 
forced lever-pressing food responses. 31 Behavioral similarities with terrestrial species 
are thus just as obvious as their anatomical differences, making fish a promising 
model of vertebrate behavioral development and cognition. 

Behavioral research with fish began with ethologists and comparative psychol¬ 
ogists asking questions about the evolution of learning and cognition. 32-34 These 
questions about behavior have invariably accompanied those about the evolution of 
brain function 35-38 ; it goes without saying that the understanding of the teleost brain 
has been driven in large part by the development of appropriate behavioral assays. 
The extent to which basic behavioral and brain processes in mammals and fish are 
analogous remains an open question; there are clear similarities and differences. As 
with all animal models, the validity of a fish model hinges on the particular research 
question. Many species of fish have been used in models of cognitive impairment; 
for example, the Japanese medaka ( Oryzias latipes) is being used in toxicological 
studies on effects of the insecticide diazinon, 39 and walleye ( Stizostedion vitreum ) 
have been used to demonstrate the adverse impacts of insecticides on cholinergic 
systems. 40 This section emphasizes procedures and behavioral processes with two 
of the more commonly studied species, goldfish ( Carassius auratus) and zebrafish 
(Danio rerio), that parallel those employed with rodents. 

Goldfish (Carassius auratus) 

Cognitive studies of processes such as attention, memory, and choice have been 
conducted with many fish species, as reviewed by Reebs. 14 A favorite subject is the 
goldfish ( Carassius auratus ), a member of the cyprinid family that includes carp 
and zebrafish. 4142 The goldfish has appeared as a model to study development, 
anatomy, brain and behavior evolution, pharmacology and toxicology, and the eco¬ 
logical determinants of cognitive behavior. 43 Goldfish models have taken advantage 
of both basic, instinctual behaviors, such as habituation to fearful stimuli, and more 
complex behavior such as maze learning. 
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Reflexes and Habituation 

Reflexes provide animals with important adaptations to problems that would be too 
costly to learn through experience. For example, many animals freeze (or flee) in 
the presence of movements or noise 44-46 ; the behavior is easy to understand because 
even a slight disturbance could be a sign of an approaching predator. 47 On the other 
hand, it pays to learn to ignore such stimuli if they do not signal danger. We speak 
of habituation when responses become less likely with repeated stimulation; habit¬ 
uation is seen when stimuli are not particularly harmful, such as when the startle 
response for rats decreases with repeated presentations of noise. 48 The opposite of 
habituation, potentiation , tends to be seen in cases where stimuli are painful (e.g., 
rats jump and squeal more vigorously with repeated electric shocks). A great deal 
of research into the physiology of habituation has been conducted with simpler 
organisms, for example, the gill-withdrawal response in aplysia; 49-52 see Marcus et 
al. 53 for a demonstration of variables that lead to potentiation versus habituation in 
aplysia. In these organisms, research suggests that habituation is a psychological 
process originating at very specific neural locations in the sensory systems. 50 
Although superficially simple, habituation and potentiation are considered forms of 
learning to the extent that the effect of later stimuli depends on the memory of 
preceding stimuli. Both processes are temporary, with a reflex recovering its original 
magnitude some interval of time after stimuli are no longer presented. 49 

Goldfish show habituation in startle (tail flip) and arousal (erection of dorsal fin 
and movement of pectoral fins) responses following repeated exposure to a Plexiglas 
rod thrust into the water. 54 These responses show different dynamics to repeated 
stimulation, with startle responses habituating first and arousal showing an increase 
before habituating. As in other species, 55 ’ 56 habituation in goldfish is more rapid and 
more complete with shorter intervals between stimuli, as evidenced by the “rate- 
sensitive property” of habituation. 46 ’ 54-63 Several studies show that telencephalic 
ablation in the goldfish interferes with habituation of startle 46 without impairing 
simple escape responses, 64 probably because ablation disrupts memory functions. 
However, the brain processes involved in habituation remain contested 34-37 ’ 61 ’ 65 

Pavlovian Conditioning 

Students of behavior are familiar with the basic facts of classical conditioning in 
which organisms come to anticipate biologically significant stimuli such as mates, 
food, and danger by learning about signals that precede them. 66 Pavlovian condi¬ 
tioning is among the most ubiquitous forms of learning: it is found in organisms 
ranging from invertebrates like aplysia 67,68 to humans, and it is involved in a broad 
range of processes from reproduction to feeding. A number of experiments have 
shown Pavlovian conditioning in goldfish. 29 69-74 For example, a light closely fol¬ 
lowed by shock — known as “short-delay conditioning” — will come to elicit startle 
responses, 70 but little conditioning to light is seen when light and shock appear 
simultaneously. 66 The reason is that a conditioned response will only be learned if 
the light is temporally predictive of shock; not if it is simply redundant. Although 
fear conditioning is learned most rapidly with a short delay between the conditioned 
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and unconditioned stimuli, taste aversions are learned even if illness follows with a 
long delay after consumption, and these can be long lasting. 75 Goldfish have also 
shown appetitive Pavlovian conditioning in procedures in which the illumination of 
a lamp precedes the delivery of food. 76-78 Given such an arrangement, goldfish (as 
well as pigeons, rats, and many other organisms) direct behavior that normally occurs 
in the presence of the food (e.g., biting) to the stimulus. 79 ’ 80 

In a recent study that paired light and delayed shock with interstimulus delays 
of either 5 or 15 sec (i.e., a brief shock followed the onset of a light by 5 or 15 s), 
goldfish showed the ability to time a behavior by showing defensive swimming at 
the time of shock delivery. 25 81 An important finding was that the timing of the 
conditioned swimming appeared immediately in the first training trials, demonstrat¬ 
ing that temporal learning has a reflexive character. Moreover, the timing of the 
behavior was scalar, showing a peak of activity coinciding with the shock delay and 
variance in the peak proportional to delay. 82 The demonstration of scalar timing is 
important because temporal control by environmental events is a key behavioral 
adaptation, important in many ecological situations. 83 

Pavlovian conditioning is implicated in a variety of task performances, including 
signaled avoidance. 36 84-86 Figure 15.1.1 shows a typical shuttle box used with fish. 87 
The task arranges pairing of light and delayed shock (a Pavlovian preparation), but 
permits the organism to delete shock by crossing a barrier after the onset of the light 
(an operant contingency). Goldfish readily learn to avoid shock; the resulting avoid¬ 
ance performance is thought to involve both operant and Pavlovian learning pro¬ 
cesses. The operant component is the crossing behavior that prevents shock (i.e., 
negatively reinforced responding), and escape from the Pavlovian conditioned stim¬ 
ulus serves to reinforce the behavior. 36 (See Hineline 88 for a discussion of avoidance 
theory.) 

Pharmacological, lesion, and electrophysiological studies have been conducted 
to understand the physiology of goldfish learning. Endorphins appear to impair 
avoidance learning by reducing fear responses in goldfish. 89 The NMDA (N-methyl- 
D-aspartate) antagonist dizocilpine (MK-801) impairs negatively reinforced escape 
learning in goldfish, 90 ’ 91 as does D(-)-2-amino-5-phosphonopentanoic acid injection 
to the telencephalon 92 ; early learning within the first 6 to 12 trials of conditioning 
was phase sensitive to disruption by dizocilpine. 93 The role of the neuropeptide 
substance P has been found to mediate a memory-based enhancement when paired 
with a dopaminergic agonist. 94 95 Evidence for appetitive learning enhancement has 
been found with neuronal histamine administration. 96 Many other studies (e.g., Lee 
et al. 97 ) have focused on cellular and developmental responses of goldfish neurons 
at various stages of life. Numerous ablation studies have shown that the telenceph¬ 
alon is critical for conditioning of fear responses in goldfish, 35 ’ 3674 98-100 but the 
cerebellum is also implicated. 101 

Operant Conditioning 

Given appropriate operant training, goldfish can learn to press a Plexiglas lever to 
earn food reinforcement, an appetitive-conditioning procedure. 31102 Figure 15.1.2 
shows a typical setup comprising a submerged lever, a stimulus projector behind the 



320 


Animal Models of Cognitive Impairment 


1. SHUTTLE BOX 



pc 

LAMP 

i 

a 


2. OPERANT TASK 



3. TWO-CHOICE MAZE 


GLASS 

BARRIER 


START 
(50%) 


\ 

START b.„„^ EXIT 

(50 %)) CONTAINMENT 

/ TANK 


FIGURE 15.1 Apparatuses used to study learning and adaptive behavior in goldfish. (1) 
Shuttle box (side view). The shuttle box is used to study signaled-avoidance behavior 73 (see 
Hineline 88 for a theoretical review), as implemented by Bitterman. 214 In a typical procedure, 
illumination of the conditioned stimulus (CS) lamp signals a delayed shock that can be 
eliminated by swimming over the barrier to the other side of the box. Barrier crossing is 
recorded by photocells (between the barrier and a roof) that measure the response latency. 
(2) Operant task (perspective cutaway view). Operant behavior is studied by arranging food 
reinforcement for pressing a Plexiglas lever. 31 In a typical procedure, a stimulus lamp serves 
as a discriminative stimulus that signals occasions when lever presses produce food. This 
apparatus setup can be readily adapted to study classical conditioning. 113 - 215 (3) Two-choice 
maze (plan view). Problems in navigation are studied in submerged mazes. The two-choice 
maze shown here can be used to study spatial and nonspatial behavior. 117 A fish is trained by 
releasing it in either of the start boxes; the paths to a glass barrier and the maze exit (releasing 
the fish into a larger tank) are indicated by cues placed on the wall of the tank (a and b). The 
maze can be converted from a version that trains a nonspatial discrimination (shown here) to 
a version that trains a spatial discrimination by switching the locations of the two cues marked 
a and b. 

lever, and a food dispenser above the lever; note that a similar apparatus is used in 
appetitive Pavlovian conditioning. 77 Talton et al. 31 arranged for food to be delivered 
according to a fixed-interval schedule whereby food is delivered for the first response 
following a fixed time since the last food delivery. In many species, including 
humans, the fixed-interval schedule produces a pause after the food delivery, followed 
by an accelerated rate of responding. 103 Operant lever pressing by goldfish also shows 
temporal control by the delayed food, with peak response rates occurring at the time 
of reinforcement, 31 though the timing of responses is not as precise as in the Pavlovian 
case. 25 

Operant choice has been studied in goldfish using ideal-free distribution of respond¬ 
ing procedures in which several fish are presented with two spatially separated sources 
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of food,/i and / 2 , that differ in the rate of food presentation. 104-106 In such a situation, 
goldfish show a close approximate to the ideal-free distribution by dividing them¬ 
selves between the food sources in proportion to the rate of food presentation at 
each source. For example, if 20% of the food delivered in a given hour is presented 
at/j, then 20% of the fish will gather about the location of/,, and the rest will gather 
at f 2 . (For a discussion of the relationship between choice and timing, see Cerutti 
and Staddon, 107 Jozefowiez et al., 108 and Staddon and Cerutti 109 ; for a discussion of 
the relation between the ideal-free distribution and the matching law, see Baum and 
Kraft 110 and Mackintosh et al. 111 ) 

A two-response appetitive-choice task has been used to study color perception 
in the goldfish by presenting two stimulus colors (e.g., blue and green), baiting only 
one color with food, and recording choice accuracy in the asymptotic performance. 112 
A similar setup has been used to study shape discrimination with fish. 113 The effects 
of a variety of reinforcement manipulations show that memory in goldfish is not as 
extensive as that in rats and pigeons. 111114 

Maze Learning 

Spatial navigation has also been studied in goldfish, with the results showing that 
they can learn the spatial orientation of food patches in a tank 115 and that they can 
selectively use external landmarks (allocentric cues) to select the baited arm of a 
T-maze. 116 Technically speaking, maze learning is a form of operant behavior to the 
extent that running a maze is maintained by reinforcement, but it is of special interest 
because it involves learning to orient movements with respect to landmark cues. 111 
A typical maze used to study spatial learning is illustrated in Figure 15.1.3. 37 ’ 38116117 
In this procedure, a trial starts by placing the fish in one of the “start” areas and 
allowing the fish to swim out of the central area into a larger containment tank. 
Stimuli on the walls of the maze indicate the escape route and a “blind” exit 
containing glass. Given appropriate training, a fish will learn to swim in the direction 
of the escape route (i.e., escape from the central area is reinforcing). 

Lopez et al. 117 trained some goldfish in the nonspatial (or directly cued) version 
of the maze (as shown in Figure 15.1.3) and others in the spatial version of the maze 
(as in Figure 15.1.3, but with the positions of stimuli a and b reversed), and then 
tested the fish by removing some of the cues. The principal difference in test 
performance between groups was a large decrement in choice accuracy of the nonspa- 
tially trained fish when the cues around the exit were removed. These and other find¬ 
ings, 37 both qualitatively and quantitatively similar to those obtained with rodents and 
birds, 86 support the validity of a fish model of mammalian navigation behavior. 

Many studies have examined the physiology of goldfish maze behavior. 37118 
Studies of telencephalic involvement find that ablation of the telencephalon impairs 
a previously learned spatial performance, but not a nonspatial performance; however, 
the spatial performance is readily reestablished following ablation. 37 Experiments 
with simple two-choice mazes suggest that the teleost telencephalon has a short¬ 
term memory role in learning the conditions present at the time of reinforce¬ 
ment. 65 ’ 119 ’ 120 Taken together, studies of telencephalic ablation seem to reveal several 
functions, including memory, arousal, and fear conditioning. 37 ’ 38 ’ 74119 
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Summary 

The familiarity with goldfish and ready availability of behavioral assays has led to 
their use in various lines of investigation. For example, toxicological studies have 
found that acid stress (lowered ambient pH) interferes with maze learning in gold¬ 
fish, 121 and that pesticides have detrimental effects on a variety of locomotor and 
social behaviors. 122-125 Goldfish have appeared in models of Parkinson’s disease that 
include loss of noradrenaline and dopamine and show reduced ambulation. 126-128 
Administration of apomorphine, a dopamine agonist, impairs spontaneous eye move¬ 
ments in the manner seen in Parkinson’s disease and schizophrenia. 129 These and other 
examples of the complexity of learning and adaptive behavior in the goldfish ensure 
that it will be increasingly used alongside mammalian models of cognitive impairment. 

Zebrafish (Dan/o rerio) 

Zebrafish are becoming a model of choice for studying the molecular basis of 
vertebrate neurodevelopment. 10 ’ 130 ’ 131 Their clear chorion allows continuous visual¬ 
ization of the process of development. Rapid development and accessibility to 
genetic analysis make the zebrafish an excellent model system for studies of neu¬ 
rodevelopment. The wide variety of genetic mutants available in zebrafish offers the 
promise of determining the molecular mechanisms of neurobehavioral function. 
Zebrafish studies have been critical in the identification of many genes affecting 
various aspects of neural development and function; a partial list is provided by 
Schier. 132 The potential of studying the zebrafish to aid in our understanding the 
genetics and physiology of learning and memory is gaining momentum 133 ; many 
tasks are now able to tap behavioral processes previously only studied with rodents 
and goldfish. 9 ’ 134-140 In this section we highlight strategies of interest for models of 
cognitive impairment. 

Reflexes and Habituation 

A wide variety of excellent behavioral tests have appeared in the zebrafish literature, 
but the main focus has been on sensory-motor development (e.g., vision, swimming, 
and touch-elicited reflexes) in larvae or young fish. 141 ’ 142 The simplest behavior tested 
thus far is the tap-elicited startle reflex, which shows an increased latency due to 
early alcohol exposure. 143 ’ 144 The development of touch-elicited escape behavior is 
summarized by Granato et al. 141 : “Although the embryo is resting most of the time, 
touching the tail tip induces a fast and straight movement away from the stimulus 
source. In contrast, mechanical stimuli near the head of the embryo induce a fast 
escape response, where the embryo turns 180° along its horizontal body axis. At 96 
hours the larva is freely swimming, changes swimming directions spontaneously, 
and is able to direct its swimming towards targets.” 

Exploratory behavior in novel environments has been used to assay anxiety in 
rodent models, 145-147 and analogous procedures have entered the zebrafish literature. 
Several experiments show that the fish first explores a stimulus predominantly using 
the right eye and subsequently approaches the stimulus favoring the left eye. 148 Figure 
15.2.1 shows an apparatus employed by Miklosi and Andrew 24 to study lateralization 
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FIGURE 15.2 Four apparatuses used to study learning and adaptive procedure in zebrafish. 
(1) Bite test. In this procedure, a zebrafish is trained to enter the raised platform through the 
door (a) to explore a small submerged stimulus (b) such as a colored bead. Miklosi 24 employed 
this apparatus to study lateralization in the zebrafish and found habituation of biting and 
exploratory behavior elicited by a bead. (2) Escape. Darland and Dowling 9 and Li and 
Dowling 153 used elicited escape from a moving band to study visual function in zebrafish. In 
this apparatus, rotation of the dark band (c) surrounding the swim area elicits defensive hiding 
behavior behind a central pole (d). (3) Place preference. The place-preference procedure is 
used to assess affinity to conditioned stimuli. In a typical procedure, a space is divided into 
two distinctive halves (e and f) with a partition between them (g); the subject is exposed to 
an unconditioned stimulus in one-half of the space, and then later, with the partition opened, 
it is given a preference. For example, Darland and Dowling 9 found that zebrafish show a 
preference for a stimulus previously paired with cocaine. (4) T-maze. The T-maze can be used 
to study a variety of questions in learning and cognition, including discrimination 135 and 
spatial and nonspatial navigation, e.g., with goldfish. 116 The version shown here was employed 
by Darland and Dowling 9 with zebrafish in an experiment in which the primary datum was 
latency to reach the favorable habitat. 










324 


Animal Models of Cognitive Impairment 


of visual exploration in the zebrafish. Subjects are first trained to visit a box sus¬ 
pended in their home tanks by entering a door (a) to eat. After they reliably enter 
the box, a colored bead (b) is lowered into the water, with the behavior of the fish 
recorded on video. Right-eye use and biting were highly probable the first time a 
stimulus was presented, and both declined in probability in two subsequent trials, 
demonstrating habituation. 149-152 

Zebrafish show a highly developed visually guided escape reflex known as the 
optokinetic response, 153 escaping a stimulus behind a place of concealment. This 
“concealment” reflex may be analogous to the “targeted response” concealment 
behavior described in mice by Blanchard et al., 44 who showed that if mice are 
familiarized with a container containing a place of concealment, they flee directly 
to that place when threatened. Figure 15.2.2 shows an apparatus developed to study 
the visually guided escape reflex in zebrafish. 9,153 Fish are tested by rotating the 
outer cylinder of the apparatus that contains a vertical black band (c) and then 
observing the subject’s orientation with respect to the band and a central cylinder 
(d) behind which it can hide. The test can be used to test visual function 154 155 and 
has been used to determine contrast sensitivity of zebrafish. 156 

Pavlovian Conditioning 

Zebrafish have shown Pavlovian learning in several experiments. Figure 15.2.3 shows 
a “place-preference” task used by Darland and Dowling 9 to screen zebrafish for 
cocaine sensitivity (see also Swain et al. 157 ). The apparatus consists of a tank divided 
into two distinctive chambers by a screen. During training, the screen is sealed and 
a zebrafish is exposed to cocaine in one of the chambers. In subsequent preference 
tests, the fish show an appetitive conditioning effect by approaching and staying in the 
chamber in which they had previously received cocaine (note, however, that the swim¬ 
ming toward the conditioned stimulus is likely to be an operant response). 

Many studies with zebrafish have used shuttle-box procedures in which they 
learn to avoid an aversive conditioned stimulus. 136 137 158 Some of the earliest dem¬ 
onstrations of associative learning in zebrafish used a shock-deletion procedure to 
reinforce swimming away from a shock signal, as seen in Figure 15.1.1. 159 More 
recently, Pradel et al. 160 used a shuttle box and shock avoidance to study the role of 
cell adhesion molecules in memory consolidation. 

Suboski et al. 20,21 demonstrated Pavlovian conditioning of fear by pairing mor¬ 
pholine and alarm substance (a chemical secreted by frightened or injured fish) and 
subsequently showing conditioned fear to morpholine alone. 21 The Pavlovian nature 
of their learning was later confirmed by showing that the conditioned alarm response 
could also be transferred between stimuli by sensory and second-order conditioning. 
The last finding in particular highlights the subtlety of learning possible in this 
unassuming, diminutive fish. 

Operant Conditioning 

Although it might be assumed that this predominance of aversive procedures exists 
because aversive procedures are more rapid than appetitive procedures, there are 
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exceptions, as demonstrated by Williams et al., 138 who trained fish to alternate 
between two feeding sites in an average of 14 trials. The task is essentially an 
appetitive version of the shuttle box shown in Figure 15.1.1, except that trials are 
initiated by the experimenter tapping on the center of the tank and 5 sec later 
dropping a small amount of food in one end of the tank (the location of food is 
alternated between trials); the dependent measure is the position of the fish imme¬ 
diately before the delivery of food. Carvan et al. 143 used this task to show dose- 
dependent detrimental effects of ethanol on learning and memory in zebrafish. 

Mazes 

Perhaps the earliest example of behavioral research with zebrafish is a maze-learning 
study in which approach to black or white stimuli was trained by eliciting an anode 
galvanotaxic reflex that caused approach to the target stimulus. 161 Colwill et al. 135 
recently trained a color discrimination in zebrafish by placing different colors at the 
end of each arm of a T-maze (green vs. purple and red vs. blue) and feeding the fish 
only at one arm. These researchers unambiguously demonstrated discrimination of 
color by arranging discrimination reversals (i.e., a cross-over design) and experi¬ 
menter-blind testing. In a similar T-maze apparatus shown in Figure 15.2.4, Darland 
and Dowling 9 reinforced choice of one arm by providing it with a goal box containing 
deep water, artificial grass, and marbles. (However, the dependent measure was the 
reduction in latency to reach the enriched arm, a result that could be due to habit¬ 
uation of fear in the novel maze apparatus.) 

Arthur and Levin 134 have used the three-chamber maze shown in Figure 15.3. 
The start area is the middle “start chamber”; there are vertically sliding doors on 
either side of this central start area leading to left and right choice areas. At the 
outset of a trial the fish is placed in the start chamber and allowed to move about 
for a brief period. In the choice phase, the vertical sliding doors to the left- and 
right-choice chambers are opened, and the fish is allowed time to swim to one or 
the other; if it persists in the start chamber, a fish net is waved in the chamber (a 
threatening stimulus) until it makes a choice. After making a choice, both vertical 
sliding doors are closed. If the choice is correct (i.e., to the goal side), the fish is 
permitted to swim for a short period of time; if the choice is incorrect, the sliding 
partition is moved to the “restricting position” (see Figure 15.3) for a short period 
of time. This procedure is repeated for a fixed number of trials. Dependent measures 
in the three-chamber shuttle maze include latency to escape the start chamber and 
correct choices. 13134 Initial tests of the maze 134 showed that zebrafish could be trained 
to turn in a particular direction (spatial learning) or to approach a particular color 
regardless of location (nonspatial learning). Based on the work of Levin et al., 13 we 
have used the three-chamber maze to show that the delayed spatial-alternation 
behavior is a sensitive index of the persisting cognitive impairment caused by 
developmental exposure to chlorpyrifos. In a parallel line of investigation, Levin 
and Chen 162 found that acute nicotine administration causes a significant improve¬ 
ment in delayed spatial alternation at low doses but impairs performance at high 
doses. These results are shown in Figure 15.4. The biphasic effect of nicotine 
improvement of memory function at low doses and less improvement at higher doses 
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FIGURE 15.3 Three-chamber shuttle maze used to study learning and memory in zebra- 
fish. 13 ’ 134 ’ 216217 As shown in the top diagram (A), trials begin with the fish in the start chamber. 
During a choice phase, both vertical sliding doors are opened. After a choice, the sliding 
doors are closed. If the fish chooses the correct chamber (as in B), it is allowed to swim freely 
for a short time, but incorrect choices are punished by sliding the partition to restrict the 
swimming of the fish (as in C). 

is a common finding across a wide variety of species including rats, mice, monkeys, 
and humans. 163-165 The fact that the same effect was seen in zebrafish points to 
similarities of nicotinic effects on memory with mammalian species. This similarity 
can be advantageous, as molecular studies of neural function can be more easily 
studied in zebrafish than mammals. 

Summary 

A number of clever behavioral assays of zebrafish have appeared in the literature. 
Despite the small size of the fish, it is now clear that the zebrafish model of 
development can be used in studies of learning, memory, and cognition. There are 
both appetitive and aversive techniques, and they test a range of behavior from 
simple reflexes 143 and fear conditioning 158 to visual discrimination 135 and spatial 
orientation. 134 
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FIGURE 15.4 Persistent effect of early exposure to chlorpyrifos on delayed spatial alterna¬ 
tion in the three-chamber shuttle maze. 13 Doses of 10 ng/ml {p < 0.05) and 100 ng/ml (p < 
0.01) of chlorpyrifos during the first five days of development caused delayed spatial-alter¬ 
nation accuracy in adult zebrafish. 

INVERTEBRATE MODELS 

A wide variety of vertebrate and invertebrate species have been used as model 
systems to understand processes of learning and memory, each with their own 
advantages for studying the mechanisms of cognition. 166 Most famously, Aplysia 
californica have been used to understand the cellular and molecular processes of 
learning and memory. 51 Hermissenda have also been used. They show Pavlovian 
learning impairments in response to lead, 167 which may provide an interesting model 
of the cognitive impairments seen in children after lead exposure. The invertebrate 
species drosophila (fruit flies) and C. elegans , a nematode worm, have been widely 
used to help understand the molecular bases of cognition. They hold great promise 
as complementary models to the traditional rodent and primate mammalian models 
for understanding the basis of cognitive function and dysfunction. 

Drosophila and C. elegans have been extensively used for studies of the molec¬ 
ular biology of development because they are relatively simple organisms in which 
the basics of the molecular biology of cellular communication can be discovered. 
C. elegans in particular is a very simple organism in which each cell has been 
identified and characterized in terms of its lineage, migration, and function. The 
connections of the C. elegans nervous system have been determined, and the activity 
of these connections in terms of sensory and motor function have been worked out. 
Neuroplasticity in terms of experience-based alterations in behavioral response, i.e., 
learning, has received recent attention. C. elegans and drosophila are excellent 
models to study the molecular bases of neurodevelopment and nervous system 
plasticity. These invertebrate models can be used to identify neuromolecular bases 
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of learning and memory that can then be followed up with studies using vertebrate 
species such as zebrafish and other aquatic species (reviewed above) and to tradi¬ 
tional mammalian species such as rodents and primates described in other chapters 
of this book. 

C. Elegans 

C. elegans , with a 302-neuron nervous system, shows a great variety of neurobe- 
havioral plastic effects, as reviewed by Hobert. 168 The activity of individual neurons 
critical for memory can be visualized and directly related to the process of learning 
and memory. 169 C. elegans can easily be used for high-throughput studies that can 
screen great numbers of potential toxicants and therapeutic candidates. The results 
of such screens can provide useful starting points for further studies with vertebrate 
species, including mammalian models. However, because of the phylogenic distance 
between C. elegans and humans, C. elegans by themselves cannot be adequately 
used to predict chemical toxicity or therapeutic response in humans. C. elegans is 
best used as an initial whole-organism screen for triage of subsequent studies with 
higher organisms and to help identify molecular processes critical to neural plasticity. 

The very simple forms of plasticity, habituation, and sensitization have been 
widely studied in C. elegans. 110 ' 111 C. elegans are capable of specific habituation to 
an olfactory stimulus, which is separable from mere sensorimotor fatigue. 172 C. 
elegans respond to a light mechanical touch with an escape response that quickly 
habituates. The specific interneurons underlying this effect are being identified. 173 
The habituation processes have been found to vary in a regular fashion according 
to the interstimulus intervals between 10 and 60 sec. 56 174 Memory for habituation 
in C. elegans lasts over one day. This memory process is disrupted by heat shock. 175 

C. elegans have also been used in more-complex studies of associative learning 
and memory. 176 C. elegans use taste, smell, temperature, and oxygen level to remem¬ 
ber the location of food. 177 Association of the addition of sodium chloride with the 
lack of food can be learned by C. elegans. 11 * They will avoid areas of low pH, 179 a 
behavior that can be used for association studies. 

C. elegans show a behavior known as isothermal tracking, which is conditioning 
of movement along a temperature gradient to their cultivation temperature for food. 
Associative learning in C. elegans has been found to be context dependent, 180 
indicating that this organism is capable of higher-level specific learning. Age-related 
impairment can be seen in isothermal-tracking associative learning. Processes of 
learning and memory can be manipulated separately. Cold stress before training has 
been found to impair learning and cold stress after the training to impair memory. 181 

C. elegans have been used to identify molecular factors in the basis of associative 
learning. 182 These can be differentiated from factors involved in nonassociative 
learning and sensorimotor performance factors. Genetic factors in learning can be 
readily determined with olfactory conditioning. 183 Different C. elegans strains have 
been identified that show selective deficits in learning and recall of a conditioned 
association of an odorant with a motor response. 184 Mutants with increased oxidative 
stress showed severely impaired learning, while mutants with reduced oxidative 
stress showed increased longevity and improved learning. 185 Olfactory imprinting 
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depends on intemeuron function and the expression of a G protein-coupled chemore- 
ceptor family member encoded by the sra-11 gene. 186 The genetic factor hab-1 was 
found to be important for normal rates of habituation, 187 but it is not related to disha- 
bituation and performance factors. In C. elegans, a genetic factor associated with 
Down’s syndrome was related to cognitive impairment, and this effect was reversible. 188 

Neurochemical systems underlying cognitive function in C. elegans are in some 
ways similar to those in mammals. For example, glutamate neurons play a key role 
in habituation. 57 189 Adequate foraging behavior is dependent on correctly functioning 
NMDA glutamate receptors. 190 AMPA glutamate receptors have been shown to be 
important for olfactory conditioning. 191 Calcium channel signaling is key for ade¬ 
quate associative learning and memory in C. elegans , as determined by impaired 
isothermal tracking with knockout of the gene NCS-1 (neuron-specific calcium 
sensor-1) and improved conditioning with overexpression of this gene. 192 

Drosophila 

Methods for assessing cognitive function have been developed for drosophila, which 
can also play an important role as a model of cognitive impairment. 193 Mushroom 
bodies are critical structures for cognitive function in drosophila. Lesion of the 
mushroom bodies selectively impairs classical conditioning associating odor cues 
with an electrical shock without impairing other performance factors. 194 Genetic 
mutations that impair mushroom body development also selectively impair the same 
type of conditioning. 195 In the mushroom bodies of drosophila cAMP cascade is 
important for memory. 196 

Drosophila has been useful for detecting genetic factors involved in memory. 
Volado proteins located in the mushroom bodies have been found to be vital for 
olfactory memory. 197 Genetic factors for protein expression in the mushroom bodies 
such as rutabaga 198 and Leonardo 199 are critical for memory function in adult dro¬ 
sophila. The memory dysfunction in drosophila caused by deficits in the gene 
rutabaga in the mushroom bodies could be reinstated by transient reexpression in 
this area in adults, showing that the effect is not dependent on altered development. 200 
Elevated Tau in the mushroom bodies of drosophila causes impairments in olfactory 
learning and memory without change in the sensorimotor responses needed for 
performance. 201 Tau elevations are also seen in humans with cognitive dysfunction. 
Drosophila can be conditioned to use an olfactory cue to avoid a shock. This learning 
is impaired by the dunce genetic mutation. 202 Disorders in the phosphorylation- 
dephosphorylation dynamic lie at the basis of the cognitive impairment in the dunce 
mutant. 203 Mutations affecting tyrosine kinase impair learning and memory. 204 

Drosophila shows aging-induced cognitive dysfunction, as do humans. Aging- 
induced memory loss is seen in drosophila with olfactory conditioning. 205 Drosophila 
is also useful in discovering molecular mechanisms of aging-induced memory 
impairment, including the involvement of cyclic AMP signaling. 206 The mechanistic 
relationships between drosophila and humans are still being worked out. 207 A simple 
habituation of proboscis extension for sugar has been shown to be sensitive to aging- 
related impairment between 3 and 35 days of age, much in the same fashion as 
associative learning. 208 
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There are common mechanisms of memory for drosophila and mammals. Com¬ 
mon factors underlying memory function in drosophila and mammals include control 
of microtubule formation by aPKC in glutamatergic synapses. 209 The transcription 
factor CREB (cyclic AMP response element binding protein) has been found in 
drosophila, mice, and humans to play a key role in learning and memory. 210 Droso¬ 
phila with a loss of function due to mutation of pituitary adenylyl cyclase-activating 
polypeptide (PACAP) show memory impairments, as do mice. 211 This gene is active 
in the mushroom bodies of drosophila and hippocampus of mice. As with C. elegans 
and mammals, glutamate is important for cognitive function in drosophila. NMDA 
glutamate receptors are critical for learning and memory in drosophila as well as in 
mammals, including humans. 212 Attention can be measured in drosophila by deter¬ 
mining the impact of a visual stimulus on flight pattern. 213 Developmental blockade 
of dopaminergic neurons impairs attention, as it does in mammals. 

CONCLUSIONS 

In the development and use of animal models of cognitive dysfunction, it is important 
to develop complementary models to exploit the unique advantages of the different 
species. Nonmammalian vertebrates such as fish provide the opportunity to directly 
observe neurodevelopmental processes and determine the impact of developmental 
permutations on learning and memory. Zebrafish in particular are valuable because 
of the availability of morpholine techniques to transiently suppress specific parts of 
genomic expression. Invertebrate models such as C. elegans and drosophila provide 
other advantages, particularly the elegant genetic manipulations available. The sim¬ 
ple nervous systems in these models are useful in determining mechanisms of 
cognitive function. The development of new methods for high-throughput tests of 
cognitive function for fish can provide a means for rapid screening of potential toxic 
agents as well as promising therapeutic agents. It is equally important to develop 
specific tests of various aspects of cognitive function, including habituation, asso¬ 
ciative learning, memory, and attention as well as to be able to differentiate changes 
in sensorimotor function from cognition. Key in the use of nonmammalian models 
is the determination of which mechanisms of cognitive function are similar to 
mammals and which are different. Nonmammalian models can be used in concert 
with classic mammalian models to determine the neural bases of cognitive function 
and to aid in the discovery of toxicants and potential therapeutic agents. 
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INTRODUCTION 

Cognitive impairment is common in a variety of neurological and psychiatric con¬ 
ditions, including stroke, Alzheimer’s disease (AD), Parkinson’s disease, traumatic 
brain injury, and schizophrenia. Currently available medications are relatively inef¬ 
fective in treating cognitive dysfunction. Thus, cognitive dysfunction represents an 
important unmet medical need, and developing treatments is a major area of research 
interest in the pharmaceutical industry. 

Identification of potential pharmacological treatments for cognitive disorders is 
highly dependent on the availability of adequate animal models [1]. Animal models 
of cognitive function are used in the identification and validation of molecular targets 
and serve as screening tools to identify and evaluate specific compounds for their 
potential efficacy. Ideally, animal models of cognition could provide a prediction of 
the specific conditions for which compounds would be most useful and could be 
combined with toxicology and safety pharmacology models to estimate the thera¬ 
peutic index. Given the duration and expense of clinical trials, particularly for 
progressive degenerative conditions such as Alzheimer’s disease, it is becoming more 
important in drug discovery to maximize the potential for success through the 
development of high-quality animal models and their judicious use in selecting 
compounds for advancement into human studies. 

The term “cognition model” requires some clarification. The term is frequently 
applied to the means by which cognitive processes are assessed in animals. Thus, 
the radial arm maze and the Morris water maze are often described as cognition 
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models. However, perhaps a more precise use of the term “cognition model” would 
apply it exclusively to such measurements made in the context of some disease¬ 
relevant impairment of performance. Here, the term would not be applied to the 
radial maze or the water maze itself, but rather to the use of these tools in animals 
impaired, for example, by overexpression of (3-amyloid in an attempt to mimic 
aspects of Alzheimer’s disease. To avoid confusion, the use of the term “model” in 
this chapter is restricted to the latter case, and the terms “assay” or “measure” are 
used to describe the tasks and procedures used to assess cognitive function. 

CONSIDERATIONS IN THE APPLICATION 
OF COGNITIVE ASSAYS IN DRUG DEVELOPMENT 

Cognition assays have a variety of uses in the drug development process. The main 
focus of this chapter is on their use in identifying and characterizing potential 
cognition enhancers. However, before moving on to the discussion of this topic, it 
is worth briefly noting the value of cognition assays in side-effect profiling and target 
identification. 

Cognitive assays can be used to assess potential adverse effects of compounds 
or drug targets being pursued for other indications. A number of CNS (central 
nervous system) drugs, including many antipsychotics, anticonvulsants, anxiolytics, 
and analgesics, can disrupt cognition, so it is prudent to evaluate this potential 
liability early in the discovery process for CNS drugs. Similarly, drugs that are not 
being pursued for CNS indications can also impair cognition. For example, (3-blockers 
used for the treatment of hypertension can have cognitive side effects [2]. Thus, 
cognition assays can play an important role in assessment of CNS safety for new 
compounds. 

Cognitive assays can also be used at an even earlier stage of drug discovery: 
target identification. Here, the assays might be used to characterize the effects of 
manipulations of potential molecular targets to evaluate the viability of these mol¬ 
ecules as drug targets. Discovery of new targets by determining the phenotype of 
random genetic mutations created by administration of ENU (ethylnitrosourea) or 
of targeted knockouts of genes are two methods of broadly screening for potential 
drug targets [3-5]. Mice are a favorite species in which to conduct these studies 
and, of course, a range of cognitive behaviors can be assessed in mice. However, 
cognitive performance can also be measured in lower organisms, such as fruit flies 
and worms [6-8]. Information regarding the impact of manipulation of the target 
on cognitive function is an important aspect of the phenotype and can be used to 
assess both liabilities and therapeutic potential for a given target. For example, a 
receptor knockout that impairs cognitive performance suggests both that receptor 
antagonists might have undesirable cognitive effects and that agonists might be 
cognitive enhancers. 

Whether developing a cognitive battery for phenotyping, side-effect profiling, 
or testing new compounds for cognition-enhancement efficacy, it is critical that the 
tests be reliable and their output reproducible. Throughput is typically viewed as an 
important consideration given that large numbers of compounds are often evaluated 
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in a screening process. When identifying potential cognition enhancers, rapid screen¬ 
ing assays can sometimes assist in early compound selection. For example, the ability 
of a muscarinic agonist or acetylcholinesterase inhibitor to prevent the disruption of 
inhibitory avoidance learning produced by a muscarinic antagonist provides verifi¬ 
cation of the desired pharmacological activity of the compound in vivo. This may 
provide initial guidance on doses or perhaps preliminary comparisons of therapeutic 
index within a class of compounds if combined with tests of side-effect liabilities. 
The use of a cognitive assay in this case is superior to the use of some other less 
relevant biological readout in that it increases the likelihood of selecting a compound 
that acts on systems important for cognition. However, this sort of in vivo bioassay 
for pharmacological activity and similar assays that can be used to screen compounds 
do not typically provide the rich characterization of effects required to make deci¬ 
sions on advancing a compound to clinical trials [9, 10]. To develop this more- 
advanced understanding of the pharmacology of a compound or to address questions 
of molecular target validation at early stages of the drug discovery process, it is 
critical to include assays that provide information that can be interpreted in the 
context of cognitive domains and neurological systems. 

An assay battery should be constructed such that the behavioral profiles produced 
can distinguish between the cognitive effects of different manipulations. Thus, care¬ 
ful attention should be paid to the representation of distinct domains. Few behavioral 
assays can claim to measure with such specificity, but choosing diverse measures to 
provide a broad cognitive profile is possible. In interpreting data generated from 
cognitive assays, it is important to understand the cognitive domains and the neural 
systems involved in performing the tasks. This knowledge provides a fuller under¬ 
standing of the nature of the drug effect and can sometimes provide information on 
a compound’s mechanism of action. However, it should also be recognized that task 
conditions that vary across labs could influence the cognitive requirements of the 
task and thus the neural systems involved. The nature of the spatial cues in the 
environment in spatial learning tasks, for example, can vary appreciably across labs 
and is often not well described in publications. Clearly, this source of variability 
could have impact on the manner in which animals perform the task. Moreover, 
different neural systems are often engaged at different stages of task acquisition and 
could therefore influence effects of manipulations. To illustrate this point, perfor¬ 
mance of the five-choice serial reaction time task (5-CSRTT) of sustained attention 
elicits release of a number of neurotransmitters in the prefrontal cortex, including 
5-HT, DA, NE, and ACh (acetylcholine), but different aspects of the task are involved 
in evoking the release of these neurotransmitters [11]. For example, sustained release 
of ACh is observed during task performance, whereas NE release is engaged more 
specifically by changes in contingencies [11]. When designing an assay battery, it 
is also important to include assays that have overlapping cognitive requirements but 
differ in motivational, sensory, and motor requirements to reduce the likelihood that 
effects on these noncognitive performance variables can account for observed effects 
[12, 13]. 

There are some special requirements for assays used in drug discovery that are 
related to the nature of the information needed to understand drug action. Advanced 
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characterization of compounds typically requires answers to questions such as the 
relationship between duration of action and pharmacokinetics or the maintenance 
of efficacy after repeated dosing. To address duration of action issues, the measure 
should be made over a brief period of time so that the plasma concentration of the 
drug is likely to be maintained a relatively constant level during the period of 
measurement. Ideally, the same animal could be tested at different time points after 
administration of drug so that the duration can be assessed using a within-subject 
design. The ability to test animals repeatedly is also an advantage for the assessment 
of tolerance after repeated dosing, although in this case the delay between test 
sessions can be expanded to hours or days rather than the minutes or hours that 
would be required for duration-of-action studies. Moreover, to address these kinds 
of questions, assays of sufficient sensitivity are required. The sensitivity needed to 
determine that a compound “works” is not necessarily adequate to track perhaps 
subtle changes in efficacy across discrete time points in a duration-of-action study 
or during the course of repeated dosing over time in the assessment of tolerance 
liability. 


DISEASE AND IMPAIRMENT MODELS 

IN DRUG DISCOVERY 

An important consideration in the use of cognition models in drug discovery is the 
baseline performance that will be used to index cognitive enhancement. Clearly, 
baselines that are at or near the maximum possible level of performance do not 
provide a sufficient ceiling for observing enhancement, but the selection of a method 
for adjusting the baseline, i.e., impairing cognitive performance, can have important 
theoretical and interpretative implications. 

Cognitive assays with normal animals are often used in the characterization of 
novel compounds. Typically, these tests are conducted under conditions that disrupt 
performance through increases in task difficulty. For example, an assay measuring 
visual attention might be made more difficult by employing stimuli of low salience 
or the inclusion of distracting stimuli. Similarly, a working-memory task can be 
made more difficult by increasing the number of items to be remembered or increas¬ 
ing the delay interval. It is important to recognize, however, that these parametric 
manipulations do not always simply make the task more difficult. Rather they can 
sometimes change the nature of the task and thereby change the neural systems 
engaged. For example, in the 5-CSRTT, noradrenergic lesions only impair perfor¬ 
mance when manipulations that activate this system are included, such as the inclu¬ 
sion of distractors or changes in the predictability of targets [11]. In addition, the 
inclusion of distractors can engage “top-down” executive functions that fundamen¬ 
tally change the neural processing involved in performing a task [14]. 

The use of normal animals to identify new compounds that improve memory or 
to validate molecular targets that have the potential for cognitive enhancement is 
probably most successful in identifying palliative or symptomatic treatments. For 
this approach, the mechanisms underlying the deficits are less important. Rather, the 
assumption is that cognition can be modulated similarly in normals and patients, 
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albeit to different degrees given the ceiling effects encountered with normals. An 
analogy with cardiovascular disease is obvious here. Many blood pressure medica¬ 
tions have been identified by tests in normal animals. Hypotensive effects of these 
compounds can be regarded as toxic in this context, but in someone suffering from 
hypertension, the effect is therapeutic. The limitation, of course, is that the underlying 
pathology is not necessarily addressed. At first glance, it would appear that a key 
difference between blood pressure and cognition is that both high and low blood 
pressure can be regarded as pathological, whereas pathological changes in cognitive 
function are always unidirectional. However, for at least some aspects of cognitive 
function, both increases and decreases in function could be pathological. For exam¬ 
ple, Sarter [15] has proposed that increased (but indiscriminate) attention can con¬ 
tribute to the distractibility characteristic of schizophrenia, whereas changes in the 
opposite direction characterize the impairments seen in AD. This view can be 
expanded to encompass the well-known “inverted-U” dose-response function 
observed with many cognition-enhancing drugs, where both increases and decreases 
in the underlying biological functions can disrupt performance. Here, it is important 
to understand just where on this continuum the targeted patient population is posi¬ 
tioned. Conceivably, a treatment that is beneficial in patients may not be beneficial 
in normal people and could even be disruptive. Similarly, a compound that can 
improve cognitive processes in an abnormal brain might actually impair performance 
in preclinical assays in normal animals, resulting in a false negative outcome. 

Testing normal animals under challenging conditions as an impairment model 
can also lead to false-positive outcomes. Parametric manipulations likely do not 
disrupt cognitive performance in the same way as the disease process of interest. 
Thus, it is possible that an approach that improves performance in normal animals 
under challenging conditions does so through actions on processes that are not 
involved in disrupting performance in a disease state. Of course, cognitive enhance¬ 
ment does not have to be mediated by correcting the process that is impaired in the 
disease state. A noncognitive example that illustrates this point is that a hearing- 
impaired person who learns to sign and read lips is not correcting an auditory deficit, 
but is overcoming hearing loss nonetheless. However, it is entirely possible that a 
compound that improves the performance of a normal brain will not do so in an 
abnormal brain, perhaps because a necessary substrate is missing. In an extreme 
example, a receptor agonist might improve performance in normal animals, or for 
that matter in normal people, but if the receptor is missing in a disease state or 
altered in a way that markedly changes the pharmacology of the compound, the 
compound is unlikely to be of value in the clinic. This is likely the basis for the 
mismatch between the good efficacy of cholinesterase inhibition in some preclinical 
models and the modest-to-poor efficacy in Alzheimer’s disease. Inhibition of ACh 
metabolism is a less effective mechanism for increasing ACh levels in the AD brain 
than in the normal brain, given the marked destruction of cholinergic neurons in AD. 
Data from animal models are consistent with this interpretation. Cholinesterase inhibi¬ 
tion can improve spatial learning in normal rats or in animals with modest disruption 
of cholinergic input to the hippocampus, but cholinesterase inhibition is ineffective in 
rats with more profound disruption of hippocampal cholinergic function [16, 17]. 
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Treatments that appear promising in normal animals could also fail in the clinic 
because the impairment in the diseased state is more profound than that which can 
be modeled by increasing task difficulty in normal animals or because the treatment 
approach is not relevant to the disease. Perhaps a trivial human analogy will illustrate 
this latter point. One could impair reading performance in normal people by making 
the print very small. Under these conditions, their reading test scores might indicate 
impaired performance akin to that noted in people with a reading disability. The use 
of a magnifying glass would be a useful intervention in the normal population, but 
this would not translate into an effective therapy for reading disabilities. Thus, the 
means by which performance is impaired in a cognitive model must be carefully 
considered in interpreting the data. 

An alternative to the use of cognitive assays in normal animals to assess drug 
effects is to manipulate neural function to mimic the changes that are observed in 
the disease process. These disease models then attempt to capture at least some part 
of the disease process that manifests itself in cognitive deficits. A common approach 
in modeling AD has been to disrupt the function of the cholinergic system, which 
is based on the observations that the most consistent neurochemical change in AD 
is a reduction of cholinergic markers in the forebrain and that muscarinic and nicotine 
cholinergic antagonists impair performance in cognitive tasks in both experimental 
animals and people [18-22]. Moreover, the profile of cognitive deficits produced by 
muscarinic blockade in normal volunteers bears some similarity to the profile of 
deficits observed in AD [23]. Thus, muscarinic antagonists like scopolamine have 
routinely been used in cognition models to induce deficits and assess the ability of 
test compounds to reverse these deficits. In the case of test compounds that are 
muscarinic agonists, this type of model is essentially a bioassay of relevant musca¬ 
rinic agonist activity akin to that already discussed. However, when compounds 
without muscarinic agonist activity are evaluated, the model assesses something 
more than direct pharmacological interaction. Of course, one issue with the scopo¬ 
lamine-deficit model is that muscarinic receptors are blocked throughout the nervous 
system, whereas forebrain cholinergic function is particularly affected in AD. More¬ 
over, in a scopolamine-deficit model, receptor function is disrupted but cholinergic 
neurons remain intact, which contrasts with the situation in AD, where the reverse 
is true. 

Assay and Model Validity 

Assays and models must have validity to be of use for drug discovery. Three types 
of validity are typically recognized for evaluating models and assays — face validity, 
predictive validity, and construct validity. Traditionally, cognitive assays and models 
have relied mainly on face validity; that is, they had the “look and feel” of a cognitive 
model or assay. More recently, however, better understanding of the biological 
substrates of cognitive function and the development of more sophisticated assays 
and models has allowed better assessment of construct validity. Thus, the assays and 
models can be assessed on the basis of how well they embody and conform to 
theoretical constructs. For example, the presence of a delay-dependent decay func¬ 
tion in a working-memory task or a vigilance decrement over time in a sustained- 
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attention task provide at least some reassurance that these tasks are measuring what 
they purport to measure. Moreover, comparing the effects of lesions or pharmaco¬ 
logical manipulations on task performance in animals with clinical assessment of 
cognitive performance in patients with defined lesions or in subjects given drug 
challenges can also support the validity of an assay in animals. Advances in under¬ 
standing the neuropsychological bases of cognitive function, emerging from the use 
of imaging techniques in both humans and experimental animals, provide another 
tool for establishing construct validity, although it should be noted that the validity 
of many of the cognitive assessment tools used in human research is not well 
established. 

Some measure of face and construct validity is also available for preclinical 
disease models. For example, the age-related appearance of amyloid plaques and 
memory deficits in transgenic mice overexpressing human (3-amyloid serves as 
partial validation of these animals as a model of AD. It is notable, however, that 
neurofibrillary tangles, one of the hallmarks of AD, are not observed in most mouse 
models of AD (with the notable exception of the “triple-transgenic” mouse from the 
University of California, Irvine [24]), nor is marked neurodegeneration observed in 
A(3 transgenic mouse models. Thus, validation is always relative. 

Despite the availability of some level of face and construct validity for assays 
and disease models used in cognition research, the critical feature for drug discovery 
is predictive validity. Here, the idea is to establish the degree to which the assay or 
disease model can be used to identify new treatments. Predictive validity in drug 
discovery, then, addresses a key question: how well do the effects of test compounds 
in the assays and models actually predict efficacy in humans? And to raise the bar 
yet a bit more, how well do they predict efficacious plasma levels and pharmaco¬ 
dynamic-pharmacokinetic relationships? Typically, in drug discovery research, 
assessing the effects of positive- and negative-control compounds provides this type 
of validation. Thus, an anxiety model might be validated by testing agents with 
clinically demonstrated anxiolytic activity as well as psychoactive drugs that do not 
have efficacy against anxiety in the clinic. 

Unfortunately, the availability of efficacious treatments for cognition is much 
more limited than is the case for anxiety, depression, and positive symptoms of 
schizophrenia. Cholinesterase inhibitors are approved for use in AD, but their effi¬ 
cacy in the clinic is rather modest, as already noted. These compounds have efficacy 
in cognitive assays and disease models, including a transgenic mouse model of AD 
[25, 26], but interpretation of these results can be problematic. Does the observation 
of full efficacy of cholinesterase inhibition validate or invalidate a model? Demon¬ 
strating sensitivity of a model to cholinesterase inhibition provides validation at 
some level, but if the goal is to predict clinical efficacy, the observation of full 
efficacy could be regarded as a false positive result. 

Even in conditions where highly efficacious compounds are available, lack of 
diversity among treatments can limit the kinds of predictions that can be made. In 
attention-deficit hyperactivity disorder, stimulants such as amphetamine and meth- 
ylphenidate are clearly efficacious [27], but establishing predictive validity using 
only this class of compounds narrows the focus and increases the risk of developing 
models that can only identify stimulants. 
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The assessment of predictive validity is a dynamic process. The accumulation 
of preclinical and clinical data on the efficacy of new compounds allows for the 
continuous reevaluation of predictive validity. However, no single laboratory is 
capable of providing the full pharmacological characterization of the vast range of 
cognitive models, so advances in this area require the sharing of information. While 
the scientific literature is clearly an important vehicle for disseminating such data, 
it can be incomplete. Individual findings that may be viewed as unworthy of publi¬ 
cation, e.g., negative results, can still contribute to the validation process. Accord¬ 
ingly, one recommendation emerging from the recent MATRICS (NIMH-Measure- 
ment and Treatment Research to Improve Cognition in Schizophrenia) initiative [28] 
was that a public database be established to serve as a repository of preclinical data 
on cognition models [29]. 

Homology between Clinical and Preclinical Measures 

One important consideration in designing assays for preclinical evaluation of com¬ 
pounds is the degree to which they match up with the kinds of assessments that will 
be conducted in clinical trials. Generally, the correspondence is not particularly 
good. This is in part due to the inability to measure uniquely human aspects of 
cognitive function in experimental animals, but it is also the case that clinical 
measures are often general and more qualitative in nature. For example, efficacy is 
frequently assessed by a general clinical impression that essentially asks, “Did the 
patient get better or worse?” No similar assessment is made in animals, of course. 

Still, there have been some important attempts to align preclinical and clinical 
measurements. One tack is to identify more-primitive cognitive processes that can 
be measured in both humans and experimental animals with only modest changes 
in parameters. The “preattentional” process of sensory gating can be measured by 
comparing evoked potential EEG (encephalogram) responses to pairs of auditory 
stimuli in both experimental animals and in humans. Similarly, sensory gating can 
be assessed across species using prepulse inhibition of the startle reflex [30, 31]. In 
both cases, pharmacological manipulations of these processes show good, but not 
perfect, translation from humans to rodents. For example, stimulants, such as 
amphetamine, impair gating assessed by EEG or prepulse inhibition across species. 
Eyeblink conditioning represents another function that can readily be assessed in 
both humans and experimental animals [32, 33]. Notably, impaired eyeblink condi¬ 
tioning is observed in AD, providing clinical relevance for this index of cognitive 
performance [34]. 

An alternative approach is to design animal analogs of measures used with 
humans. The five-choice serial reaction time test (5-CSRTT) was designed to approx¬ 
imate the continuous performance task frequently used to assess sustained attention 
in humans [11]. Similarly, Kesner and colleagues have designed several variations 
of the radial maze to demonstrate recency and primacy effects in rats, and they have 
demonstrated that small and large lesions of the forebrain cholinergic system in rats 
mimic the effects of early and advanced AD, respectively, on these measures [35-37]. 

Several limitations restrict the ability to predict clinical efficacy from preclinical 
cognitive assays and models. As already noted, many cognitive functions are unique 
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to humans and cannot be addressed in experimental animals. Human verbal skills 
can also confound attempts to measure domains that are shared across species. For 
example, color can easily be used as a stimulus feature in matching-to-sample 
working memory tasks with monkeys, but humans can use verbal mediation to 
perform memory tasks with stimuli that can be named. Moreover, many preclinical 
tasks require extensive training that is obviated in human testing because the task 
can be explained verbally. 

A related danger in using animal analogs of human cognitive measures is that 
these are often, at least initially, based on apparent similarities between the measures, 

i.e., face validity. It is critical that additional validation demonstrating the correspon¬ 
dence between the neurobiological substrates required for task performance be 
obtained before data collected in drug studies can be interpreted appropriately. 
Traditionally, pharmacological manipulations and lesion studies have been important 
means of providing this additional validation, although the latter were limited by 
the availability of corresponding lesion data from patients. Fortunately, with the 
development of noninvasive brain imaging, assessing the roles of specific brain 
structures in human cognition has become far less dependent on these “experiments 
of nature.” 

In pointing out the differences between preclinical and clinical measures, it is 
easy to complain about the sometimes vague and subjective clinical impression 
scales used to establish clinical efficacy. However, it is important to recognize that, 
despite their lack of precision, rating scales probably provide a better index of 
“meaningful” improvement. This is because they capture a broader functional picture 
and address the question: how is the patient doing in the real world? Improved 
performance in working memory or attention tasks may contribute to improved 
function, but they do not guarantee it. They are, in a sense, biomarkers that would 
seem to predict improved function but that have not been established conclusively 
as such. In this context, it is useful to consider an issue that Sarter and colleagues 
[38] have raised regarding cognition enhancement in AD but that can be readily 
extended to other disorders. They argue that it makes little sense to assume that 
drugs that improve cognition will have meaningful functional consequences unless 
they are coupled with behavioral intervention. In other words, drugs can improve 
learning capacity but cannot teach. Unless we keep this firmly in mind, functional 
outcomes with drugs that improve cognition preclinically will continue to disappoint. 
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